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Abstract
Telescopes – ’far seeing’ – have since centuries revealed insights to objects at
cosmic distances. Adopted for gamma-ray-astronomy, ground based Cherenkov-
telescopes image the faint Cherenkov-light of air-showers induced by cosmic gamma-
rays rushing into earth’s atmosphere. In the race for the lowest possible energy-
threshold for cosmic gamma-rays, these Cherenkov-telescopes have become big-
ger, and now reached their physical limits. The required structural rigidity for
image-quality constrains a cost-effective construction of telescopes with apertures
beyond 30 meter in diameter. Moreover, as the aperture increases, the narrower
depth-of-field irrecoverably blurs the images what prevents the reconstruction of
the cosmic particle’s properties. To overcome these limits, we propose plenoptic-
perception with light-fields. Our proposed 71 meter Cherenkov-plenoscope re-
quires much less structural rigidity and turns a narrow depth-of-field into three-
dimensional reconstruction-power. With an energy-threshold for gamma-rays of
one Giga electron Volt, 20 times lower than what is foreseen for the future planned
Cherenkov-Telescope-Array (CTA), the Cherenkov-plenoscope could become the
portal to enter the sub second time-scale of the highly variable gamma-ray-sky.
We present the Cherenkov-plenoscope in Part I of this thesis.
In Part II, we push Cherenkov-astronomy by sensing Cherenkov-light in the
quantum-regime. A key ability of Cherenkov-telescopes, and our proposed Che-
renkov-plenoscope, is the detection of few Cherenkov-photons within the ever-
present nightly pool of photons emitted by stars, zodiacal dust, atmospheric
glow, and others. Photo-sensors and electronics have made huge progress, and
now reach a regime where the quantized nature of photons can be resolved. We
present the identification of single-photons during regular observation-conditions
with the 3.6 meter Cherenkov-telescope named FACT on Canary island La Palma,
Spain. We implement a true single-photon-representation for air-shower-records
and compare it to established representations which are usually highly entangled
with the photo-sensors and electronics in use and thus usually do not have a quan-
tized description. Our representation contains the arrival-times of single-photons
which makes it the most natural, and arguably the most interchangeable repre-
sentation possible for Cherenkov-astronomy. With the complete time-structure
of the air-shower’s Cherenkov-photons, our single-photon-representation has the
potential to improve the reconstruction of the cosmic particle’s properties.
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Zusammenfassung
Das Teleskop – ’In die Ferne sehen’ – gewa¨hrt seit Jahrhunderten Einblicke auf
Objekte in kosmischen Distanzen. U¨bernommen fuer die Astronomie der Gam-
mastrahlen bilden bodengebundene Cherenkov-Teleskope das schwache Cherenkov-
Licht ab, welches von Luftschauern ausgeht. Luftschauer werden durch kosmis-
che Strahlung erzeugt, wenn diese in die irdische Atmospha¨re eindringt. Im
Rennen um die kleinst mo¨gliche Energieschwelle fuer kosmische Gammastrahlen
sind Cherenkov-Teleskope immer gro¨ssser geworden und stossen nun an ihre
physikalischen Grenzen. Die beno¨tigte strukturelle Steifigkeit fu¨r die Abbil-
dungsqualita¨t verhindert einen kosteneffiziente Bau von Teleskopen mit Aper-
turdurchmessern von mehr als 30 Metern. Mehr noch, mit wachsenden Aper-
turen verwa¨scht die immer schmalere Tiefenscha¨rfe die Bilder unwiederruflich
und verhindert die Rekonstruktion der kosmischen Strahlung. Um diese Gren-
zen zu u¨berwinden, schlagen wir eine plenoptische Wahrnehmung und die Ver-
wendung von Lichtfeldern vor. Unser hier vorgeschlagenes 71 Meter Cherenkov-
Plenoskop beno¨tigt viel weniger strukturelle Steifigkeit und wandelt eine schmale
Tiefenscha¨rfe in drei dimensionale Rekonstruktionskraft um. Mit einer Energi-
eschwelle von einem Giga Elektronen Volt fu¨r Gammastrahlen, 20 mal geringer als
die voraussichtliche Energieschwelle fu¨r das geplante Cherenkov-Telescope-Array
(CTA), ko¨nnte unser Cherenkov-Plenoskop das Portal werden um in den ho¨chst
variablen Gammastrahlenhimmel auf Zeitskalen unterhalb einer Sekunde vorzu-
dringen. In Teil I dieser Arbeit pra¨sentieren wir das Cherenkov-Plenoskop. In Teil
II dieser Arbeit treiben wir die Gammastrahlungsastronomie weiter voran indem
wir Cherenkov-Licht im Quantenbereich erfassen. Eine Schlu¨sselfa¨higkeit von
Cherenkov-Teleskopen und unserem vorgeschlagenen Cherenkov-Plenoskop ist die
Detektierung von wenigen Cherenkov-Photonen inmitten des allgegenwa¨rtigen
Sees aus na¨chtlichen Photonen ausgesandt von Sternen, Zodiakstaub, atmospha¨r-
ischem Glu¨hen und anderem. Photosensoren und Elektronik haben gewaltige
Fortschritte gemacht und erlauben es nun, die quantisierte Natur von Photo-
nen aufzulo¨sen. Wir pra¨sentieren die Identifikation von Einzelphotonen wa¨hrend
regula¨ren Beobachtungsbedingungen auf dem 3,6 Meter Cherenkov-Teleskop na-
mens FACT auf der kanarischen Insel La Palma, Spanien. Wir implementieren
eine echte Einzelphotonendarstellung fu¨r Luftschaueraufnahmen und vergleichen
diese mit etablierten Darstellungen, welche fu¨r gewo¨hnlich hochgradig mit den
jeweilig verwendeten Photosensoren und Elektroniken verstrickt sind und darum
in der Regel keine quantisierte Darstellung haben. Unsere Darstellung entha¨lt
die Ankunftszeiten von Einzelphotonen was sie zur natu¨rlichsten und best aus-
tauschbaren Darstellung fu¨r die Cherenkov-Astronomie macht. Mit der vollsta¨n-
digen Zeitstruktur der Cherenkov-Photonen im Luftschauer hat unsere Einzelpho-
tondarstellung das Potential, die Rekonstruktion der kosmischen Strahlung zu
verbessern.
3
4
Contents
I Cherenkov-Plenoscope 19
1 Introduction 21
2 Results 23
2.1 Introducing the plenoscope’s optics . . . . . . . . . . . . . . . . . 23
2.2 Going around the trigger-challenge . . . . . . . . . . . . . . . . . 25
2.3 Deferring the square-cube-law . . . . . . . . . . . . . . . . . . . . 25
2.4 Turning depth-of-field into tomography . . . . . . . . . . . . . . . 27
2.5 Entering the Portal, entering the 1 GeV, 1 s gamma-ray-sky . . . . 28
2.6 Estimating Portal’s sensitivity . . . . . . . . . . . . . . . . . . . . 29
3 Outlook 37
3.1 Searching for dark matter . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Resolving Crab-Nebula-flares . . . . . . . . . . . . . . . . . . . . . 39
3.3 Investigating massive black holes . . . . . . . . . . . . . . . . . . 39
3.4 Sneaking below the gamma-ray-horizon – Probing extra-galactic-
background-light . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.5 Probing extra-galactic magnetic-fields . . . . . . . . . . . . . . . . 40
3.6 Resolving gamma-ray-bursts on the 10−5 s time-scale . . . . . . . 41
3.7 Seeing pulsars below the 10 GeV cut-off . . . . . . . . . . . . . . . 43
3.8 Searching for nearby pulsars and antimatter-anisotropy . . . . . . 43
3.9 Imaging bright stars with milli arcsecond-resolution . . . . . . . . 44
3.10 Probing the chemical composition of cosmic-rays . . . . . . . . . . 45
4 Conclusion 47
5 Meeting Portal 49
6 Focusing and a narrow depth-of-field 63
6.1 Defining imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.2 Extended apertures . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.3 The Cherenkov-telescope’s perception . . . . . . . . . . . . . . . . 66
6.4 The Cherenkov-plenoscope’s perception . . . . . . . . . . . . . . . 66
6.5 Example images of air-showers . . . . . . . . . . . . . . . . . . . . 67
6.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69
5
6.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
7 Introducing Portal’s optics 87
7.1 Imaging-reflector . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
7.2 Aligning the mirror-facets on Portal . . . . . . . . . . . . . . . . . 89
7.3 Light-field-sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
8 Estimating the light-field-geometry 99
8.1 Addressing photo-sensors and lixels . . . . . . . . . . . . . . . . . 99
8.2 Approximating lixels using rays . . . . . . . . . . . . . . . . . . . 100
8.3 Isochronous imaging . . . . . . . . . . . . . . . . . . . . . . . . . 101
8.4 Light-field-geometry of Portal . . . . . . . . . . . . . . . . . . . . 103
8.5 Multiple light-field-geometries on Portal . . . . . . . . . . . . . . 114
8.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
9 Interpreting the light-field-sequence 117
9.1 Representing the light-field-sequence . . . . . . . . . . . . . . . . 117
9.2 Directional sampling – Imaging . . . . . . . . . . . . . . . . . . . 119
9.3 Areal-sampling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
9.4 Refocusing images in post . . . . . . . . . . . . . . . . . . . . . . 121
9.5 Synthetic apertures . . . . . . . . . . . . . . . . . . . . . . . . . . 125
9.6 Light-front . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
10 Overcoming aberrations, enlarging the field-of-view 131
10.1 Using the light-field-geometry . . . . . . . . . . . . . . . . . . . . 131
10.2 Example – spherical imaging-reflector . . . . . . . . . . . . . . . . 134
10.3 Enlarging the field-of-view . . . . . . . . . . . . . . . . . . . . . . 140
10.4 Upgrading the Cherenkov-telescope . . . . . . . . . . . . . . . . . 141
10.5 Overcoming aberrations in Portal . . . . . . . . . . . . . . . . . . 141
11 Compensating misalignments between the light-field-sensor and
the imaging-reflector 145
11.1 Organizing components of misalignments . . . . . . . . . . . . . . 145
11.2 Using the light-field-geometry . . . . . . . . . . . . . . . . . . . . 150
11.3 Imaging a phantom-source with Portal . . . . . . . . . . . . . . . 152
12 Triggering the Cherenkov-plenoscope 169
12.1 Triggering Cherenkov-telescopes . . . . . . . . . . . . . . . . . . . 170
12.2 A light-field-trigger for Portal . . . . . . . . . . . . . . . . . . . . 170
12.3 Portal’s trigger-threshold . . . . . . . . . . . . . . . . . . . . . . . 173
12.4 Performance of Portal’s trigger . . . . . . . . . . . . . . . . . . . . 175
12.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
12.6 On Portal’s target-object-distance . . . . . . . . . . . . . . . . . . 180
6
13 Classifying Cherenkov-photons 181
14 Estimating the angular resolution for gamma-rays at 1 GeV 183
14.1 Cherenkov-light-front . . . . . . . . . . . . . . . . . . . . . . . . . 183
14.2 Limitations due to timing-resolution . . . . . . . . . . . . . . . . 184
15 Reconstructing air-showers using tomography 187
15.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
15.2 Basic Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
15.3 Portal’s reconstruction-power . . . . . . . . . . . . . . . . . . . . 189
15.4 Reconstructing air-showers in the refocused-image-space . . . . . 190
15.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
16 Pointing the Cherenkov-plenoscope using the cable-robot-mount195
16.1 Motivation – A mount for the plenoscope . . . . . . . . . . . . . . 195
16.2 Technical specifications . . . . . . . . . . . . . . . . . . . . . . . . 198
16.3 Designing a support-structure for the imaging-reflector . . . . . . 203
16.4 Simulating the cable-robot-mount . . . . . . . . . . . . . . . . . . 204
16.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
17 Estimating Portal’s cost 209
17.1 Cable-robot-mount . . . . . . . . . . . . . . . . . . . . . . . . . . 209
17.2 Optics and electronics . . . . . . . . . . . . . . . . . . . . . . . . 209
17.3 Organization and execution . . . . . . . . . . . . . . . . . . . . . 210
18 Simulating Portal’s observations 211
18.1 Simulating air-showers – CORSIKA . . . . . . . . . . . . . . . . . . 212
18.2 Propagating photons – merlict . . . . . . . . . . . . . . . . . . . 212
18.3 Simulating night-sky-background . . . . . . . . . . . . . . . . . . 214
18.4 Ensuring large enough scatter-radii and scatter-angles . . . . . . . 214
18.5 Data Availability . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
19 Comparing the plenoscope with other methods 223
19.1 Areal-sampling (sparse) . . . . . . . . . . . . . . . . . . . . . . . . 226
19.2 Areal-sampling (dense) . . . . . . . . . . . . . . . . . . . . . . . . 228
19.3 Telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230
19.4 Telescope-array (sparse) . . . . . . . . . . . . . . . . . . . . . . . 232
19.5 Meridian-telescope . . . . . . . . . . . . . . . . . . . . . . . . . . 234
19.6 Large telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
19.7 Telescope-array with topological trigger . . . . . . . . . . . . . . . 238
19.8 Telescope-array (dense) . . . . . . . . . . . . . . . . . . . . . . . . 240
19.9 Plenoscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
7
II Every single photon counts 243
20 Introduction 245
21 FACT – A demonstration 247
21.1 Story of a single event . . . . . . . . . . . . . . . . . . . . . . . . 247
21.2 Statistics of responses to cosmic particles . . . . . . . . . . . . . . 253
22 The image-sensor of FACT 257
22.1 SiPMs in FACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257
22.2 PMTs in established Cherenkov-telescopes . . . . . . . . . . . . . 258
22.3 Alternative photo-sensors . . . . . . . . . . . . . . . . . . . . . . . 259
22.4 Photon-detection-efficiency . . . . . . . . . . . . . . . . . . . . . . 260
22.5 Single-photon-resolution . . . . . . . . . . . . . . . . . . . . . . . 260
22.6 Wear and aging . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
22.7 Artifacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263
22.8 Read-out . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
23 Representing air-shower-events 269
23.1 Largest-pulses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269
23.2 Photon-stream . . . . . . . . . . . . . . . . . . . . . . . . . . . . 270
24 Single-Photon-Extractor 273
24.1 Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273
24.2 Example . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275
24.3 Benefits of iterative subtraction . . . . . . . . . . . . . . . . . . . 275
25 Performance of extraction 277
25.1 Validation on Simulations . . . . . . . . . . . . . . . . . . . . . . 277
25.2 Crosscheck with classic analysis . . . . . . . . . . . . . . . . . . . 280
25.3 Saturation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291
26 Classifying Cherenkov-photons 295
26.1 Density in the photon-stream . . . . . . . . . . . . . . . . . . . . 295
26.2 DBSCAN Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 296
26.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299
27 Performance of classification 301
27.1 Measure of performance on images . . . . . . . . . . . . . . . . . 301
27.2 Procedure of the simulation . . . . . . . . . . . . . . . . . . . . . 302
27.3 Classification on the largest-pulses . . . . . . . . . . . . . . . . . . 302
27.4 Classification in the photon-stream . . . . . . . . . . . . . . . . . 303
27.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 304
8
28 A first test on muons 313
28.1 Origin of muon-events . . . . . . . . . . . . . . . . . . . . . . . . 313
28.2 Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
28.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 314
29 Outlook 321
29.1 Outlook for FACT . . . . . . . . . . . . . . . . . . . . . . . . . . 324
30 Conclusion 327
30.1 Conclusion for FACT . . . . . . . . . . . . . . . . . . . . . . . . . 327
31 Implementing the photon-stream 329
9
10
Introduction
Earth is not the center of the universe. A simple conclusion drawn from observa-
tions of the night-sky that changed a complete society and marked the starting
point of our modern quest for knowledge. During this quest, the fields of physics,
astronomy, and cosmology merged closer together. Observations of the sky, be-
yond earth, became important for scientific progress in seemingly opponent fields
which investigate the innermost structure of matter. So let us take a closer look
into the sky. Already with our eyes we see structures like stars, the moon, the
sun, and our home galaxy named Milky-Way. With telescopes (’far seeing’) we
see more complex structures like moons of planets, nebulae, and foreign galaxies.
It is the light which provides us with insights as it travels from distant objects to
our eyes.
However, there is light which the human-eye can not see. New windows beyond
the visible-light were opened in the past 100 years. For example, the window of
invisible radio-light was opened and became a pillar of modern astronomy. Now,
a young, and novel window of high energetic gamma-rays is about to open to
astronomy. And we do what we can to tear open this window.
Gamma-ray-astronomy
Gamma-rays are single photons so energetic that they can disrupt the nuclei of
an atom with bounding-energies of MeV or even GeV. Although gamma-rays are
electromagnetic radiation as visible- or radio-light, the term gamma-ray already
implies that their wave-character is hardly recognizable in most interactions. At
energies onwards from some MeV, the particle-character dominates and so we
often call it gamma-ray instead of gamma-radiation. Beside the gamma-rays pro-
duced on earth by nuclear decay, there are also gamma-rays of cosmic origin. In
fact, there are not only cosmic gamma-rays but also other high-energetic particles
of cosmic origin like protons, electrons, and heavy ions. On earth, the atmosphere
shields us from cosmic particles but when we go up in altitude the increase in
flux of cosmic particles becomes evident [Hess, 1912]. In todays gamma-ray-
astronomy, high energetic charged particles create great challenges in the obser-
vations of gamma-rays and have to be distinguished from gamma-rays. Even
more challenging, charged particles are much more abundant and outshine even
11
the brightest sources of gamma-rays. With this said, the three 1 goals of gamma-
ray-astronomy today are to measure
• the incident-direction of a gamma-ray,
• the energy of a gamma-ray,
• and the type of particle to assert that the cosmic particle actually was a
gamma-ray.
All these three measurements must be done for each individual event of an in-
coming cosmic gamma-ray or incoming cosmic-ray which is different from optical-
and radio-astronomy. In optical- and radio-astronomy, many cosmic photons con-
tribute to a single measurement. Cosmic particles can either be detected directly
outside earth’s shielding atmosphere, or indirectly by observing the interactions
of the cosmic particles in the atmosphere. Both of these methods are currently
being investigated for gamma-ray-astronomy, and both have exclusive advantages
above the other. Similar to the spectrum [Olive et al., 2014] of energies of cosmic-
rays, the spectrum of energies of gamma-rays decreases rapidly towards higher
energies. In the case of the Crab Nebula, one of the brightest known sources
of cosmic gamma-rays in the sky, gamma-rays with energies of 100 GeV are two
to three orders-of-magnitude more abundant than gamma-rays with energies of
1 TeV [Aleksic´ et al., 2015]. This steep decrease of the spectrum of the energy
causes the observations of gamma-rays to be dominated by particles with energies
close to the lower energy-threshold of the detectors.
Detecting gamma-rays directly
The direct detection of gamma-rays takes place in space, outside of earth’s atmo-
sphere. Detectors in space wait for cosmic gamma-rays to interact in their mass.
Detectors in space have typically three components of which each one is dedicated
to measure one of the three important properties of cosmic particles. First, there
is a tracker that reconstructs the trajectories of electrons and positrons created
via pair-production γ → e+ + e− to estimate the direction of the initial gamma-
ray. The trajectory of charged cosmic-rays can even be reconstructed directly by
the tracker from the initial particle itself. Second, there is a calorimeter where the
secondary interaction-products can deposit all their energy in order to estimate
the energy of the cosmic particle. And third, there is an anti-coincidence-detector
wrapped around the inner tracker and calorimeter. The anti-coincidence-detector
measures the type of the particle by distinguishing electrically charged cosmic-
rays from neutral gamma-rays. Figure 2 shows all three components on the very
successful Fermi-Large-Area-Telescope.
1In the regime of MeV-energies, even the polarization [Dean et al., 2008] of a gamma-ray
can be measured.
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Figure 1: The inert, but full-solid-angle sky of gamma-rays seen by the Fermi-LAT
detector [Acero et al., 2015]. AGN is short for Active-Galactic-Nucleus, PWN is
short for Pulsar-Wind-Nebula, and SNR is short for Super-Nova-Remnant.
So detectors in space fulfill all demands of gamma-ray-astronomy. However, detec-
tors in space are limited in mass and volume and are unfortunately not expected
to become any bigger in the foreseeable future of space-travel. Since the mass
of the detector is mandatory for the tracker and especially for the calorimeter,
the effective areas for the detection of gamma-rays today are below 1 m2. Today,
detectors in space are excellent to create static and wide field-of-view surveys of
the inert gamma-ray-sky with years of exposure-time, see Figure 1. Only in rare
cases of an excessively high emission of gamma-rays from a temporarily flaring
source, detectors in space are able to resolve time structures on the time-scale of
days2 [Tavani et al., 2011,Abdo et al., 2011].
Detecting gamma-rays indirectly
Indirect detectors make use of the atmosphere of the earth. When a cosmic
particle or cosmic gamma-ray enters the atmosphere, it can interact with the
molecules in the atmosphere. Due to the high kinetic energy of the cosmic particle,
the fragments and the newly created particles of such interactions travel further
down the atmosphere almost parallel to the trajectory of the cosmic particle.
This interaction of particles continues in a cascade until the kinetic energies of
the interaction-products are not sufficient anymore to further create new particles.
2This excludes assumptions about pulsed emission as it is commonly assumed for pulsars.
The emission-period of pulsars is typically tens of milliseconds, but a deviation from this pul-
sation will still only be detected after days of exposure-time.
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Figure 2: The Large-Area-Telescope (LAT) for gamma-rays named after Enrico
Fermi. The LAT is dedicated to measure the three properties: Direction, en-
ergy, and type of cosmic particles. Schematics is inspired by two separate figures
provided by www.nasa.gov/glast.
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Figure 3: The dominant interactions inside an air-shower. The hadronic-
component is red, the electro-magnetic-component is blue, and the weak-decay-
component is green. Figure is not to scale. For cosmic particles of electro-
magnetic type, the air-shower starts directly inside the blue branch on the left.
For energies below ≈ 80 MeV ionization becomes more likely than bremsstrahlung
which effectively ends the cascade. This destructive and cascaded process is called
air-shower. Depending on the initial kinetic energy of the cosmic particle, air-
showers can be several kilometers long. At energies above 1012 eV, air-showers can
reach the ground before the cascade reaches its climax. There are two different
types of air-showers. First, there are air-showers which are dominated by electro-
magnetic interactions. Such air-showers are induced by cosmic particles of electro-
magnetic type like the gamma-ray, or the electron. Second, there are air-showers
which have both hadronic and electro-magnetic interactions. Those air-showers
are induced by cosmic particles of hadronic type like the proton or the iron-
nucleus. Figure 3 shows the two different air-shower types. The momentum of
secondary particles perpendicular to the trajectory of the cosmic particle, is larger
in hadronic interactions than it is in electro-magnetic interactions. Therefore,
air-showers with hadronic components have a wider spread of secondary particles
perpendicular to the trajectory of the cosmic particle. The different geometry
of narrow electro-magnetic air-showers, and wide and bushy hadronic air-showers
allows us to reconstruct whether the cosmic particle was of hadronic, or of electro-
magnetic type. On ground, indirect detectors have sensors to detect the particles
and radiations which are created in the air-shower and have not yet been absorbed
again in the atmosphere. Five types of interaction-products are likely to reach
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ground before they get absorbed in the atmosphere themselves. First, blueish,
visible Cherenkov-photons that are produced by charged particles in the air-
shower that traverse the air faster than the local speed of light in this air. Second,
charged muons that originate from hadronic interactions in the air-shower are
unlikely to undergo further interactions in the air. Third, ultra-violet and visible
photons produced by atoms and molecules which got ionized by the air-shower
and later recombine. Fourth, radio-waves which are produced by the separation
of electric charges in the air-shower due to the magnetic-field of the earth, and
the Askaryan-effect. Fifth, neutrinos produced in e.g. the decay of pions and
muons. Only if the energy of the cosmic particle is high enough, the creation of
new, short lived, particles might not have come to an end before the air-shower
reaches the ground. When the energies are high enough, any particle might be
found in the so called air-shower-tail on ground. As only secondary particles
reach the sensors on ground, the measurement of the direction, the energy and
the type of the cosmic particle, is not straightforward. To measure the three
properties, indirect detectors try to reconstruct the spatial geometry of the air-
shower. There are indirect detectors that only detect the charged particles which
reach the ground [Allekotte et al., 2008] and are therefore referred to as air-
shower-tail-detectors. Dedicated air-shower-tail-detectors have a dense coverage
on ground optimized to tell apart the type of the cosmic particle to do gamma-ray-
astronomy [DeYoung et al., 2012]. Other indirect detectors are telescopes which
record the photons produced by florescence in the air-shower horizontally from the
side [Abraham et al., 2010]. Even a detector for florescence-photons which records
air-showers from space while looking down onto earth is proposed [Ebisuzaki et al.,
2014]. And then there are telescopes that record the bluish Cherenkov-photons
produced in the air-shower. For gamma-rays with energies above several 10 GeV,
Telescopes for Cherenkov-photons can measure the three features important to
gamma-ray-astronomy (direction, energy, and type) and offer large collection-
areas for gamma-rays of > 104 m2 [Bernlo¨hr et al., 2013].
The Cherenkov-telescope
Cherenkov-telescopes3 measure the energy and direction of cosmic gamma-rays
and other cosmic particles. During the night, Cherenkov-telescopes record the
incident-directions cx, cy and the arrival-times t of both night-sky-background-
photons and Cherenkov-photons produced in the air-shower. The short but in-
tense time-structure of the flash of Cherenkov-photons on ground of ∼ 5 ns allows
the Cherenkov-telescope to trigger and record the Cherenkov-photons within the
pool of night-sky-background-photons. By reconstructing the geometry of the
air-shower from the recorded incident-directions and arrival-times of the pho-
tons, Cherenkov-telescopes estimate the three properties important to gamma-
3Also called Imaging-Atmospheric-Cherenkov-Telescope (IACT).
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ray-astronomy: Direction, energy and type of the cosmic particle. The more
Cherenkov-photons a Cherenkov-telescope can record of an individual air-shower,
the better the properties of the cosmic particle can be reconstructed. Larger
but costly apertures for Cherenkov-photons allow Cherenkov-telescopes to recon-
struct air-showers induced by cosmic particles with lower energies. Today, small
Cherenkov-telescopes have ≈ 10 m2 apertures for Cherenkov-photons and are able
to detect gamma-rays with energies down to ∼ 1 TeV [Temme et al., 2015]. Large
Cherenkov-telescopes have ≈ 200 m2 apertures for Cherenkov-photons and are
able to detect gamma-rays with energies down to ∼ 100 GeV [Tridon et al., 2010].
So far Cherenkov-telescopes opened the high-energy> 100 GeV window of gamma-
rays to astronomy [Kildea et al., 2007] and have found ≈ 200 sources of gamma-
rays [Wakely and Horan, 2008]. To further open the gamma-ray-window, we have
to make gamma-ray-astronomy more powerful and cost effective.
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Part I
Cherenkov-Plenoscope
A ground-based Approach in
One Giga Electron Volt
One Second Time-To-Detection
Gamma-Ray-Astronomy
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Chapter 1
Introduction
Ground based Cherenkov-telescopes measure the energy and incident-direction
of cosmic gamma-rays and other cosmic particles, such as protons and elec-
trons. Cosmic particles induce air-showers in earth’s atmosphere where in turn
Cherenkov-photons are emitted. During the night, Cherenkov-telescopes record
the incident-angles cx, cy and the arrival-times t of these Cherenkov-photons in
a three-dimensional intensity-histogram I[cx, cy, t] called image-sequence. To
sense the quick ∼ 1 ns flash of Cherenkov-photons within the pool of night-sky-
background-photons, the Cherenkov-telescope records an image-sequence with
∼ 1 billion images per second. By reconstructing properties of the air-shower
from the image-sequence [Hillas, 1985], Cherenkov-telescopes gather information
about the cosmic particle to do astronomy.
The high energy-threshold of Cherenkov-telescopes is the main limit for study-
ing astronomical emitters of gamma-rays. For example, the study of pulsars is
limited because for most of them the emission of gamma-rays is cut off at and
above ∼ 10 GeV [The MAGIC Collaboration, 2008a,Abdo et al., 2009b]. And in
general the study of sources at cosmological distances like active-galactic-nuclei
and gamma-ray-bursts is limited due to the absorption of high energetic gamma-
rays in the extra-galactic background-light [The MAGIC Collaboration, 2008b].
For example, the gamma-ray-horizon [The MAGIC Collaboration, 2008b] in the
universe contains ∼ 4.7 times more observable volume when being able to detect
gamma-rays with energies as low as 100 GeV instead of 200 GeV. Furthermore,
the study of transient sources benefits from a low energy-threshold [Aharonian
et al., 2001]. Currently the only way to measure gamma-rays with energies be-
low a few tens of GeV are telescopes in space, e.g. Fermi-LAT [Acero et al.,
2015], which measure gamma-rays before they interact with earth’s atmosphere.
The predominant limiting factor for space-telescopes is their small collection-area
which unfortunately is not expected to become far bigger within the near future.
Beside their costs, space-telescopes with their wide coverage of the sky are great
for static sources of gamma-rays and year long exposures [Acero et al., 2015], but
their ∼ 1 m2 collection-area limits their abilities to resolve the highly variable
gamma-ray-sky.
21
The energy-threshold of Cherenkov-telescopes itself is limited by the effi-
ciency to detect Cherenkov-photons, as the number of the Cherenkov-photons is
roughly proportional to the cosmic particle’s energy [de Naurois and Mazin, 2015].
Therefore, Cherenkov-telescopes have put great effort into lowering their energy-
thresholds, mainly by moving onto mountains to be closer to the air-shower, or by
enlarging their aperture for Cherenkov-photons. This way, current and upcoming
Cherenkov-telescopes reach energy-thresholds as low as ∼ 20 GeV [The MAGIC
Collaboration, 2008a, Bernlo¨hr et al., 2013], while the most ambitious propos-
als for Cherenkov-telescopes, on the frontier of low energy-thresholds, strives to
reach 5 GeV [Aharonian et al., 2001]. However, two physical limits reduce the
maximum aperture for Cherenkov-photons on a single Cherenkov-telescope to
below ∼ 30 m. First, the square-cube-law [Galilei, 1638] makes building bigger
Cherenkov-telescopes increasingly difficult due to the need for mechanical rigid-
ity in order to keep the targeted optical geometry for the imaging-reflector and
the image-sensor. Second, the depth-of-field induced by larger apertures ren-
ders more and more parts of the recorded images blurred and thus erodes the
power to reconstruct the particle type, energy and direction from the recorded
Cherenkov-photons [Hofmann, 2001,Mirzoyan et al., 1996]. We discuss the origin
and limitations of a narrow depth-of-field in Chapter 6. The depth-of-field-limit
is a central reason why the next generation of Cherenkov-telescopes will not ex-
ceed ∼ 23 m aperture-diameter [Bernlo¨hr et al., 2013]. Furthermore there is the
technological challenge of signal processing and routing which prevents us from
combining individual Cherenkov-telescopes before the trigger-level into an array
to lower the energy-threshold. With todays electronics the trigger-decision in an
array of Cherenkov-telescopes can not be taken on the combined aperture for
Cherenkov-photons provided by all the Cherenkov-telescopes in the array, but
has to be taken on each Cherenkov-telescope individually. Although impressive
efforts were made [Jung et al., 2005,Lo´pez-Coto et al., 2016] to take the trigger-
decision based on combined information beyond the aperture of the individual
Cherenkov-telescope, still the mayor part of information-reduction is made on
the individual Cherenkov-telescope before the overall trigger of the array [Bulian
et al., 1998,Funk et al., 2004,Weinstein et al., 2007,Lo´pez-Coto et al., 2016].
The potential of reaching > 104 m2 collection-areas for gamma-rays with the
atmospheric Cherenkov-method motivated us to overcome these physical limits
and technological challenges. We propose to combine the atmospheric Cherenkov-
method with the plenoptic-method [Lippmann, 1908,Adelson and Wang, 1992,Ng
et al., 2005,Wilburn et al., 2005] to build the Cherenkov-plenoscope, a telescope
for cosmic gamma-rays with the large collection-areas of Cherenkov-telescopes on
ground and the low energy-threshold of telescopes in space.
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Chapter 2
Results
The Cherenkov-plenoscope measures the incident-direction and energy of indi-
vidual cosmic gamma-rays and cosmic-rays. During the night, the Cherenkov-
plenoscope records the air-showers induced by these cosmic particles from ground
by measuring the entire (plenary) extrinsic state of the Cherenkov-photons. It
bins the photons depending on their incident-directions (cx, cy), their support-
positions on the aperture-plane (x, y) and their arrival-times t into a five-dimensional
intensity-histogram L[cx, cy, x, y, t] called light-field-sequence. By reconstructing
the air-shower from the light-field-sequence, the Cherenkov-plenoscope gathers
information about the cosmic particle to do astronomy. To record light-fields,
the Cherenkov-plenoscope uses a large imaging-reflector in combination with a
light-field-sensor, see Figure 2.1.
2.1 Introducing the plenoscope’s optics
The large imaging-reflector of the plenoscope reflects an incoming photon to-
wards the light-field-sensor, see Figure 2.2. Just as in a classic telescope, the
large imaging-reflector reflects a photon towards a certain position on the sensor-
plane depending on the photon’s incident-direction. On the classic image-sensor
in a telescope, the photon was now absorbed by a photo-sensor and added to
the recorded image. However, the light-field-sensor of the plenoscope is a two-
dimensional array of N small cameras, in contrast to a classic image-sensor which
is just an array of N photo-sensors. Each small camera is made out of a hexag-
onal lens and an image-sensor composed from M photo-sensors right behind the
hexagonal lens. In the Figures 2.2, and 2.3, we demonstrate the observation of
the three photons A, B, and C. The photons A and B have different incident-
directions and therefore are reflected onto different positions on the sensor-plane,
where they enter different lenses of different small cameras. Photon A enters the
lens at n = 2, and photon B enters the lens at n = 1, see Figure 2.3. How-
ever, since the support-positions of A and B are close together, they are both
absorbed in the right most photo-sensor at m = 3 on the image-sensor in their
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Figure 2.1: To scale illustration of the proposed Cherenkov-plenoscope Portal.
Its light-field-sensor and large imaging-reflector are suspended by cables.
small cameras. Photon C has a similar incident-direction as photon A and thus
enters the same small camera at n = 2. However, since photon C has a differ-
ent support-position than photon A, photon C is not absorbed by the right-most
photo-sensor in its small camera, but in the photo-sensor at m = 0. Each photo-
sensor (n,m) corresponds to one specific bin in the light-field-intensity-histogram
L[cxn, cyn, xm, ym], i.e. one specific light-field-cell. Each of these light-field-cells
(n,m), or lixels for short, describe a bundle of photon-trajectories which can be
approximated by a three-dimensional ray
~rn,m(λ) =
(
xm, ym, 0
)T
+ λ
(
cxn, cyn,
√
1− cxn2 − cyn2
)T
. (2.1)
Bins with the same incident-direction n (cxn, cyn) in the light-field are called a
picture-cell, or a pixel for short. And bins with the same support-position m
(xm, ym) in the light-field are called a principal-aperture-cell, or a paxel for short.
The plenoptic perception of photons has severe consequences, of which we in-
troduce the very basics in Chapter 6. In Chapter 10 we show how plenoptic
perception can enlarge the field-of-view by overcoming the aberrations of imaging-
optics [Hanrahan and Ng, 2006]. Such aberrations are inevitable limits to imaging
on telescopes. In Chapter 11 we show how plenoptic perception loosens the con-
strains for the rigid alignment between the imaging-reflector and the sensor-plane.
Rigid alignment is a strong technological challenge on large telescopes. In Chap-
ter 8 we show how we calibrate the response of the light-field-sensor in order
to obtain a light-field-sequence L which describes photons in three-dimensional
space and time. In the Chapters 9, and 15 we describe the rich and powerful ways
to interpret the light-field-sequence L in order to reconstruct air-showers. Finally
in Chapter 19 we compare the perception of established methods in Cherenkov-
astronomy to the Cherenkov-plenoscope’s perception.
In general, the light-field L[cx, cy, x, y] recorded by a single plenoscope is equiv-
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alent to M images Im[cx, cy] recorded by an array of M telescopes located at
different support-positions (x, y). Thus in the general case, a plenoscope and a
dense array of telescopes can record the light-field in the same way. However, in
the particular case of quick flashes of Cherenkov-photons produced in air-showers,
the Cherenkov-plenoscope has one crucial advantage over the array of Cherenkov-
telescopes: Its trigger.
2.2 Going around the trigger-challenge
In an array of Cherenkov-telescopes, combining the intensity of close-by pixels
(cx, cy) from different Cherenkov-telescopes located at different positions (x, y)
would be crucial for the trigger-decision on the lowest possible energies. Unfortu-
nately this is very difficult to do. The image-sensors of the individual Cherenkov-
telescopes are separated by at least the diameter of their imaging-reflectors. The
trigger for an array of Cherenkov-telescopes needs time-delays which depend on
the pointing-direction of the telescopes, and it has to reorganize all the signals
from the individual telescopes from being bundled into near-by support-positions
(x, y) to being bundled into near-by incident-directions (cx, cy). The Cherenkov-
plenoscope on the other hand has the ideal arrangement for a trigger that takes
into account the full aperture of the large imaging-reflector. In contrast to an ar-
ray of Cherenkov-telescopes, the photo-sensors which represent similar incident-
directions in cx, and cy, but belong to different support-positions in x, and y
are mechanically very close together inside the light-field-sensor (< 15 cm, see
later Figure 5.11). The plenoscope does neither need time-delays which depend
on the pointing, nor does it need external, and flexible routing of signals. In
Chapter 12 we motivate the need for a trigger in Cherenkov-astronomy, and de-
scribe a possible implementation in a Cherenkov-plenoscope. In the Sections 19.7,
and 19.8 we show how this trigger-challenge is currently addressed on arrays of
Cherenkov-telescopes.
2.3 Deferring the square-cube-law
Since the light-field-sensor records three-dimensional trajectories of photons rather
than just the absorption-positions of photons, the alignment of the light-field-
sensor with respect to the imaging-reflector is less constrained than the align-
ment of a conventional image-sensor. As long as the actual misalignment of the
light-field-sensor with respect to the imaging-reflector is known, the light-field-
sensor can still record trajectories of photons. It just samples a different region
of the light-field. And when the Cherenkov-photons of an air-shower are still
within the sampled region of the light-field, a misalignment does not harm the
observation-power for gamma-rays. In Chapter 11 we discuss how the pleno-
scope can compensate misalignments between its light-field-sensor and its large
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Figure 2.2: The optics of the plenoscope. On the bottom is the large imaging-
reflector, on the top is the light-field-sensor. Here the light-field-sensor has N = 3
small cameras with M = 4 photo-sensors in each small camera. We demonstrate
the trajectories of the photons A, B, and C. Photo-sensors are red, and walls in
between small cameras are green.
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Figure 2.3: Close-up on the optics of the light-field-sensor shown in Figure 2.2.
The photo-sensors can be addressed in two dimensions (n,m), see table on the
right. The first index n addresses the incident-direction. The second index m
addresses the support-position.
imaging-reflector. We further demonstrate that sharp images can still be obtained
with strong misalignments.
The reduced demand for rigid alignment allows the Cherenkov-plenoscope to me-
chanically decouple the light-field-sensor from the imaging-reflector. This way
the Cherenkov-plenoscope can defer the physical limit of the square-cube-law
and have larger, and more cost-effective apertures for Cherenkov-photons. In
Chapter 16, we propose a dedicated mount for the Cherenkov-plenoscope which
explicitly takes advantage of these reduced demands for rigidity.
2.4 Turning depth-of-field into tomography
Again, since the Cherenkov-plenoscope records three-dimensional trajectories of
photons rather than only the photons absorption-positions, the plenoscope over-
comes the physical limit of the depth-of-field, as we motivate in Section 6.4. How-
ever, the plenoscope not only overcomes the depth-of-field-limit but it turns the
tables on it. The narrow depth-of-field gives the plenoscope its three-dimensional
reconstruction-power. The recorded trajectories of the Cherenkov-photons can
directly be used for a tomographic reconstruction of the air-shower, similar to
reconstructions in light-field-microscopy1 [Levoy et al., 2006]. We discuss our
first experiences with tomographic reconstructions of air-showers in Chapter 15.
Above this, all the established reconstruction-methods for air-showers can be ap-
plied as well. For example we can project the light-field onto images focused to
different object-distances [Ng et al., 2005], see Section 9.4. On refocused images,
the established [Hillas, 1985] reconstruction of air-showers can be used with the
Cherenkov-plenoscope. We can project the light-field onto the areal intensity his-
togram in x, and y to reconstruct the air-showers, as shown in [Chantell et al.,
1Also called focus-stack-deconvolution, or narrow-angle-tomography.
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1998, Lizarazo et al., 2006]. And we can reconstruct the Cherenkov-light-front’s
three-dimensional structure in the moment when it rushes into the aperture-plane,
as shown in [Fontaine et al., 1990].
2.5 Entering the Portal, entering the 1 GeV, 1 s
gamma-ray-sky
To explore plenoptic perception in gamma-ray-astronomy, we propose a specific
Cherenkov-plenoscope with an aperture-diameter of 71 m which we name Por-
tal, see Figure 2.1. With Portal we introduce the cable-robot-mount to take
advantage of the relaxed rigidity-constrains between the light-field-sensor and
the imaging-reflector, see Chapters 11, and 16. The cable-robot-mount exten-
sively uses computer-control to reduce the need for rigid and heavy structures.
It is inspired by the cable-suspended radio-receiver of the Arecibo-Observatory
[Altschuler and Nieves, 2002], the initial robot-crane-manipulator [Albus et al.,
1993], and the fast cable-robot-simulator [Miermeister et al., 2016].
Portal uses first, a large, cable-suspended imaging-reflector with 71 m diameter
and 106.5 m focal-length. Second, Portal uses a mechanically separated, cable-
suspended light-field-sensor with 12.1 m diameter corresponding to 6.5◦ field-of-
view. The two moving components are suspended independently of each other,
such that the forces holding the light-field-sensor do not have to run through
the large imaging-reflector and its mount. Portal’s light-field-sensor has 515, 023
light-field-cells (lixel) formed by N = 8, 443 small cameras equivalent to classical
picture-cells (pixel) with M = 61 principal-aperture-cells (paxel) each, see Chap-
ter 7. Portal reaches zenith-distances up to 45◦ without the zenith-singularity of
altitude-azimuth-mounts [Borkowski, 1987], and has only thin cables shadowing
its aperture. During the day, Portal’s light-field-sensor is parked on a pedestal
next to the large imaging-reflector to ease service. The independent pointing of
both light-field-sensor, and large imaging-reflector without a zenith-singularity
allows Portal to point fast and hunt transient-sources.
Portal’s goal is to drive the energy-threshold for gamma-rays down to 1 GeV to
become the ’gamma-ray-timing-explorer’ [Aharonian et al., 2001]. To minimize
losses of Cherenkov-photons [Aharonian et al., 2001], and to maximize the three-
dimensional reconstruction-power of air-showers, we propose to install Portal high
in altitude ∼ 5, 000 m a.s.l2. Such exceptional dry, dark, and high sites with trans-
parent atmospheres are already being used for astronomical instruments, such as
the Llano de Chajnantor, Andes [Wootten, 2003], for the southern hemisphere
and Ali, Himalaya [Kuo, 2017,Ye et al., 2015], for the northern hemisphere.
In Chapter 5, we show pictures of the Portal Cherenkov-plenoscope.
2A.s.l. is short for above sea level.
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Figure 2.4: Effective collection-area of Portal’s trigger for gamma-rays coming
from a point-source within the field-of-view. At 1 GeV, Portal effectively collects
gamma-rays with an area of ≈ 30, 000 m2.
2.6 Estimating Portal’s sensitivity
We give a first estimate on Portal’s sensitivity for cosmic gamma-rays by simulat-
ing the observations of air-showers induced by gamma-rays and charged cosmic-
rays. We run a simulation, see Chapter 18, for the observation of individual
air-showers which returns us the response of Portal’s light-field-sensor. Only
if the Cherenkov-photons together with the night-sky-background-photons fulfill
the trigger-criteria, the response of the light-field-sensor is read-out, see Chap-
ter 12. We set the trigger-threshold such that the accidental trigger-rate caused
by fluctuations of the night-sky-background-photons during the dark night is far
(∼ 10−2) below the expected trigger-rate for air-showers, see Figure 12.10. With
this trigger-threshold we estimate Portal’s instrument-response-functions for a
point-source of gamma-rays, see Figure 2.4, a diffuse pool of electrons, and a
diffuse pool of protons, see both in Figure 2.5. We take the measured fluxes
of cosmic electrons [Aguilar et al., 2014] and protons [Aguilar et al., 2015] and
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Figure 2.5: Effective collection-area and solid-angle of Portal’s trigger for cosmic-
rays with a diffuse distribution of incident-directions.
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Figure 2.6: Figure provided by Adrian Biland. The geomagnetic cut-off-rigidity
estimated based on the measured earth’s magnetic-field and the simulation
of cosmic-ray-trajectories. Different locations on earth have different cutoff-
rigidities. In Atacama-desert in South-America, cutoff-rigidities of ≈ 10 GV can
be reached.
combine these with models [Lipari, 2002,Zuccon et al., 2003] regarding their effi-
ciencies to produce air-showers in earth’s atmosphere. The earth’s magnetic field
effectively deflects low energetic charged particles before they can penetrate the
atmosphere deep enough to interact with the air and initiate air-showers [Supan-
itsky and Rovero, 2012]. Figure 2.6 shows earth’s cut-off-rigidity for cosmic-rays.
This way, we estimate not the flux of charged particles, but the flux of air-showers
initiated by these charged particles in earth’s atmosphere, see Figure 2.7. Know-
ing the true incident-directions of the simulated gamma-rays, we estimate Portal’s
angular resolution for a diffuse source, see Chapter 14. Portal’s angular resolu-
tion reaches ≈ 0.31◦ for an 68% containment-radius for gamma-rays at energies
between 750 MeV and 1,500 MeV. Such an angular resolution of Portal would
be good, but is still within the expected regime of former studies and other in-
struments, see Figure 2.8. In this first estimate for the sensitivity we neglect
that Portal’s angular resolution will be better for higher energies. We simulate a
counting-experiment with an on-off-observation. We define five circular regions
in Portal’s field-of-view which all have a radius equal to the estimated angular
resolution. We choose one on-region, which is centered around a hypothetical
gamma-ray-source, and four additional off-regions which are centered at posi-
tions where no gamma-ray-sources are expected. Then we count the number of
events reconstructed to originate in the on- and off-regions. With the off-regions,
we estimate the expected number of background events in the on-region. Only
if the number of events in the on-region exceeds the expected fluctuations of
the background by at least a factor of five standard-deviations, we claim a de-
tection for the hypothetical source. Figure 2.9 shows the expected trigger-rates
for air-showers induced by gamma-rays and charged cosmic-rays when observing
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Figure 2.7: The flux of air-showers initiated by charged particles in earth’s at-
mosphere for a geomagnetic cutoff-rigidity of 10 GV. We chose a cutoff-rigidity
of 10 GV as it is representative for a potential site in South-America, see Fig-
ure 2.6. We are conservative and estimate that the flux of air-showers initiated
by cosmic-rays with rigidities below 10 GV does not vanish completely, but is
reduced to 5%. Initial flux of cosmic-rays is taken from AMS-02’s precision mea-
surements [Aguilar et al., 2014] and, [Aguilar et al., 2015]. For the flux of air-
showers below the rigidity-cutoff we follow the ideas discussed in [Lipari, 2002],
and [Zuccon et al., 2003].
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Figure 2.8: The angular resolution for the reconstructed incident-directions of
gamma-rays. The angular resolution of Fermi-LAT [Abdo et al., 2010], the pre-
dicted angular resolution of the proposed 5@5 Cherenkov-telescope-array [Aha-
ronian et al., 2001], and the estimated limits for the angular resolution of ground
based air-shower-observations using reconstruction-methods from the year 2006
[Hofmann, 2006].
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the quasar and bright gamma-ray-source 3FGL-J2254.0+16083. In Figure 2.9
we find that Portal indeed reaches its design-energy-threshold, as its differential
trigger-rate for gamma-rays peaks at 1 GeV. With the expected trigger-rates for
gamma-rays and charged cosmic-rays, we are now able to estimate Portal’s sensi-
tivity for the worst-case-scenario in which we do not have any separation-power
to tell apart air-showers induced by gamma-rays from air-showers induced by
protons. Figure 2.10 shows the sensitivities of the Portal Cherenkov-plenoscope,
the Fermi-LAT satellite and other Cherenkov-telescopes. Beware, as we have
no energy-reconstruction for Portal yet, we represent the sensitivity using the
integral-spectral-exclusion-zone [Ahnen, 2017b]. This is different from the more
common differential representation provided for most Cherenkov-telescopes. In
Figure 2.10 we show Portal’s sensitivity for two scenarios. First, a thin red curve
shows Portal’s sensitivity without any separation-power for gamma-rays and pro-
tons. This corresponds directly to the rates shown in Figure 2.9 without further
cuts. Second, a wide red band shows Portal’s sensitivity in the case that Portal
could separate air-showers induced by hadronic particles from air-showers induced
by electromagnetic particles with similar precision as it is possible on established
Cherenkov-telescopes. The lower border of the wide red band corresponds to a
rejection of 99% of the hadronic air-showers. At this point, the air-showers in-
duced by electrons and positrons become the relevant fraction of the background.
Although a basic separation of electrons from gamma-rays [Hofmann, 2006] might
be possible on Portal, we did not investigate this option yet.
Note that in Figure 2.10, the ground based instruments are listed with 50 h
exposure-time, while the satellite Fermi-LAT is listed with its full 10 years exposure-
time. Since Portal’s light-field-sequence L[cx, cy, x, y, t] contains multiple image-
sequences I[cx, cy, t] of e.g. a dense array of seven large sized Cherenkov-telescopes,
see Section 6.5, Portal can always fall back to the performance of Cherenkov-
telescope-arrays for energies above the geomagnetic cut-off. In general, it can
be assumed that Portal will reach at least the sensitivity of MAGIC for energies
& 100 GeV. But in this estimate Portal does not make use of the established
analysis for air-showers on Cherenkov-telescopes which is why Figure 2.10 does
not show a smooth transition of Portal’s sensitivity into the sensitivity of MAGIC
at energies & 100 GeV.
3Also known as 3C 454.3
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Figure 2.9: The expected trigger-rates on Portal when observing the bright
gamma-ray-source 3FGL-J2254.0+1608. The trigger-rates here are only for the
on-region which on the sky-dome where we expect the source. The on-region’s ra-
dius of 0.31 ◦ is based on Portal’s angular-resolution, see Figure 2.8. The expected
trigger-rates are based on the fluxes of air-showers presented in Figure 2.7, the
flux of gamma-rays coming from 3FGL-J2254.0+1608 [Acero et al., 2015], and
Portal’s instrument-response-functions shown in the Figures 2.4, and 2.5. For
energies below the rigidity-cutoff, Portal can observe the gamma-ray-sky signal
dominated. The integrated rates in the on-region are: 94.2 s−1 for gamma-rays,
74.9 s−1 for electrons, and 458 s−1 for protons. This gives us a total trigger-rate of
about 59× 103 s−1 in the entire 6.5◦ field-of-view. From the peak of the expected
differential trigger-rates for gamma-rays, we find that Portal indeed reaches an
energy-threshold of 1 GeV. For more details on the trigger see Chapter 12.
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Figure 2.10: The integral-spectral-exclusion-zones for the Portal Cherenkov-
plenoscope, the Fermi-LAT satellite, the MAGIC Cherenkov-telescopes, and the
future planned Cherenkov-Telescope-Array (south). Note the different exposure-
times listed in the legend. Every point-like gamma-ray-source with a power-
law like energy-spectrum (a straight line in this log-log-scale) that touches the
integral-spectral-exclusion-zones of the instruments will be detected within the
listed exposure-time. MAGIC: [Ahnen, 2017b], Fermi-LAT: [Wood et al., 2016],
CTA-south: [Fioretti et al., 2016], and [CTAO gGmbH, 2018], Crab Nebula:
[Aleksic´ et al., 2015].
36
Chapter 3
Outlook
Since satellites such as Fermi-LAT and the Portal Cherenkov-plenoscope share the
same energy-range, it would be a great opportunity for gamma-ray-astronomy to
have both such complementary observatories. All the gamma-ray-sources found
in satellite-surveys in the full but inert gamma-ray-sky taken over years of ex-
posure, are potential targets for observations with Portal, see Figure 3.1. For
instance Fermi-LAT, with ≈ 20% of the sky field-of-view, can observe a large
number of sources with a simple monitoring strategy. The pointing-strategy of
the Portal Cherenkov-plenoscope with only ≈ 0.1% of the sky field-of-view on
the other hand would best be guided to observe dedicated sources with a very
large statistics of gamma-rays in a short period of time. This is a complementary
observation not possible with satellites [Aharonian et al., 2001]. To point out
the complementary nature of e.g. the Fermi-LAT satellite and Portal, consider
the following: The ratio 100%
0.0804%
= 1, 244, see Figure 5.12 by which Fermi-LAT’s
field-of-view exceeds Portal’s field-of-view, is roughly the ratio 10 years
50 h
= 1, 752 by
which Portal’s time-to-detections undercut the time-to-detections of Fermi-LAT.
Today, we face the challenge of the cosmic-rays origin. We face the challenge
of dark-matter-phenomena. We face the challenge of asymmetry between mat-
ter and anti-matter. We face the challenge of extra-galactic-background-light
and extra-galactic magnetic-fields. We face the challenge of the rapid transient-
phenomena like gamma-ray-bursts, and fast-radio-bursts. We face the challenge
of electromagnetic counterparts for gravitational-waves in rapid cosmic mergers.
Designed to take on the challenges of our generation, Portal is the most powerful
gamma-ray-timing-explorer proposed yet. As Felix Aharonian said:
’...the scientific reward of the implementation of ground based approach in GeV
gamma-ray-astronomy will be enormous ’ [Aharonian, 2005]
3.1 Searching for dark matter
The velocity-dispersions of stars in galaxies and the separation of baryonic matter
from gravitational-lensing matter, which was observed in the colliding galaxies in
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Figure 3.1: The flux of gamma-ray-sources above one GeV versus the time-to-
detections with Portal. These are the gamma-ray-sources listed in Fermi-LAT’s
3FGL catalog [Acero et al., 2015], and the flux (Flux1000) listed in the catalog.
Vertical black line marks 50 h. Almost all sources in the Fermi-3FGL-catalog can
be detected by Portal in less than 50 h, see dotted vertical line on the right. This
figure corresponds to Portal’s thin, red integral-spectral-exclusion-zone without
any gamma-hadron-separation in Figure 2.10. With gamma-hadron-separation,
the times-to-detection reduce by a factor of ≈ 6.
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the Bullet-Cluster [Clowe et al., 2006], suggest the existence of a dark type of
matter. Together with the prediction of a lightest super-symmetric particle and
the cosmological evolution of the early universe, today the scenario of the so
called weakly interacting massive particle (WIMP) is frequently debated. The
non baryonic, and dark WIMP would have been created thermodynamically in
the early universe and is now assumed to form gravitationally bound clumps in
galaxies. The WIMP scenario predicts gamma-ray emission from annihilation
which could be visible as a halo-emission in such clumps of dark matter, and
is already investigated by current instruments [Aharonian et al., 2006a,Bertone,
2010]. Portal would be ideal to not only support Fermi-LAT’s quest for upper
limits on such annihilation features from the WIMP but to take over and push
the sensitivity-frontier since Portal’s unmatched low energy-threshold for cosmic
gamma-rays in combination with its large collection area are the key features
[Bergstro¨m et al., 2011,Bergstro¨m, 2013] to reveal the heavy sector of dark matter
in an indirect search.
3.2 Resolving Crab-Nebula-flares
The discovery of powerful gamma-ray-flares above 0.1 GeV of the nearby super-
nova-remnant SN 1054 (Crab-Nebula) [Tavani et al., 2011] are indicating that
shorter time-to-detections will potentially reveal further insights into the produc-
tion and acceleration of cosmic-rays, and the emission of gamma-rays in such
extreme environments.
3.3 Investigating massive black holes
Relativistic plasma-jets driven by super massive black holes inside active-galactic-
nuclei are believed to result from the conservation of angular-momentum of in
falling matter. Although these jets extend up to distances which usually are
found in between galaxies, their creation in the vicinity of the black hole remains
unresolved by todays imaging-instruments. However, fast variability in the emis-
sion of gamma-rays from these objects give hints to the particle accelerations
at the base of the jets. Only short after the first sighting of gamma-rays from
Markarjan 421 with a ground based telescope [Punch et al., 1992], the Whipple
Observatory was able to reveal flux-doubling-timescales in the 1 hour regime [Gai-
dos et al., 1996]. Latest observations made by the MAGIC Cherenkov-telescope
with its lower energy-threshold for gamma-rays on IC 310 were already able to
reveal time-structures in the 1 minute regime [Aleksic et al., 2014]. The flux of
IC 310 rose up to between 1 and 5 times the flux of the Crab Nebula, and MAGIC
was able to provide estimates for the flux within time-bins of only ∼ 120 s. The
observation of flux-variabilities on such small time-scales allow insights into the
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structure of the bases of the jets close to the black holes which are far more pre-
cise than the structures resolved by any imaging method. Further, flaring active-
galactic-nuclei can serve as a lab to probe the energy-dependence of the speed
of light as done by the H.E.S.S. Cherenkov-telescopes on PKS 2155-304 [Aharo-
nian et al., 2008], and the MAGIC Cherenkov-telescopes on Markarjan 501 [Albert
et al., 2008a]. Time structures in the 1 minute regime were reported on PKS 2155-
304 [Aharonian et al., 2008]. The Portal Cherenkov-plenoscope will detect the
active-galactic-nuclei Markarjan 421 in ≈ 4.0 s, PKS 2155-304 in ≈ 7.5 s , and
Markarjan 501 in ≈ 33.7 s when these are not flaring, but in their average, low
states of activity which is below 0.5 times the flux of the Crab Nebula [Acero
et al., 2015]. These time-to-detections are without any gamma-hadron-separation
and correspond to the solid, red line in Figure 2.10, and the time-to-detections in
Figure 3.1. However, these time-to-detections go down to 0.8 s for Markarjan 421,
1.6 s for PKS 2155-304, and 6.4 s for Markarjan 501 if gamma-hadron-separation
was implemented and could be made as powerful at the low energies of the Portal
Cherenkov-plenoscope, as it has been made at ∼ 100 GeV on todays Cherenkov-
telescopes.
3.4 Sneaking below the gamma-ray-horizon – Prob-
ing extra-galactic-background-light
The red-shifted light emitted by early stars and galaxies is supposed to be the
second brightest [Dole et al., 2006] diffuse background-radiation after the cosmic
microwave-background, and yet we only know little about it. Direct observations
of this infra-red, so called extra-galactic background-light, are difficult because
it is out shined by the zodiacal light and other nearby sources including the
instruments themselves. However, the attenuation of gamma-rays which inter-
act with the extra-galactic background-light via pair production (γhigh energy +
γinfra-red → e+ + e−) serves as an indirect measurement of the density of the
extra-galactic background-light [The MAGIC Collaboration, 2008b, Aharonian
et al., 2006b]. Figure 3.2 shows the attenuation of gamma-rays in the extra-
galactic-background-light. With its low energy-threshold for gamma-rays, the
Portal Cherenkov-plenoscope will not only be able to learn more about the extra-
galactic background-light, but Portal will also be able to look deeper and see more
sources in the gamma-ray-sky [Taylor, 2017] than any other existing or proposed
ground based instrument.
3.5 Probing extra-galactic magnetic-fields
The strength and the origin of extra-galactic magnetic-fields might give valu-
able insights to the early formation of galaxies, but direct measurements are be-
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Figure 3.2: Figure taken from [Fermi-LAT Collaboration et al., 2018]. The
gamma-ray-horizon measured by Fermi-LAT. Here τγγ = 1 indicates the point
after which the universe becomes opaque for gamma-rays. To see distant sources,
the energy-threshold must be low.
yond our current reach. However, gamma-rays can serve as an indirect probe to
the strength of extra-galactic magnetic-fields [Neronov and Vovk, 2010]. Strong
extra-galactic magnetic-fields are expected to cause a diffuse halo-emission around
distant point-sources as high energetic gamma-rays are expected to undergo
pair-production with the extra-galactic-background-light to create electrons and
positrons which in turn create lower energetic gamma-rays due to inverse Compton-
scattering in the extra-galactic magnetic-fields. The trajectories of the charged
electrons and positrons in between this conversion are bend by the magnetic-fields,
so that the extension of the halo-emission observed on earth gives an estimate on
the column density of the extra-galactic magnetic field’s strength.
3.6 Resolving gamma-ray-bursts on the 10−5 s
time-scale
Thanks to the tremendous efforts [Aasi et al., 2015] put in the detection of gravita-
tional waves, we are now able to identify the merging of e.g. two neutron-stars at
cosmic distances when these heavy objects spiral into each-other. Right from
the start, electromagnetic counterparts for the short-lived gravitational-wave-
transients were looked after [Aasi et al., 2014]. After the first limits [Savchenko
et al., 2016], finally the coincident detection of gravitational wave GW 170817 and
the short gamma-ray-burst GRB 170817A [Abbott et al., 2017b] was made. Most
likely all our current models and theories approach their limits in the extraor-
dinary environments of cosmic mergers which makes the observation of gamma-
rays emitted in e.g. neutron-star-neutron-star-mergers an outstanding probe.
Already the current generation ’Advanced-LIGO’ of gravitational-wave-detectors
41
Figure 3.3: Figure taken from [Cannon et al., 2012]. Advanced-LIGO’s expected
detection-rate versus the time before a neutron-star-neutron-star-merger. The
thick line marks the most probable detection-rate, and the shaded areas represent
its 5% to 95% confidence-interval.
is expected to observe about one neutron-star-neutron-star-merger per year with
an alert-time of about 100 s before the actual merger, see Figure 3.3 [Cannon
et al., 2012]. With future gravitational-wave-detectors [Abbott et al., 2017a] there
might be the opportunity of having enough early alerts, so that a guided obser-
vation for ground based instruments such as the Portal Cherenkov-plenoscope
becomes feasible. For gamma-ray-bursts that emit gamma-rays with energies
above ∼ 1 GeV, Portal’s collection-area will allow to have about four orders-
of-magnitude more statistics and thus time-resolution than any space-born in-
strument. For example, in the long gamma-ray-burst GBR-130427A, the Fermi-
LAT satellite detected [Ackermann et al., 2014] over 500 gamma-rays with en-
ergies above 100 MeV, and still 15 gamma-rays with energies above 10 GeV. If
this bright, and long gamma-ray-burst happened within Portal’s field-of-view,
Portal would have detected it within 4.3 × 10−5 s, and Portal would have de-
tected gamma-rays at a rate of up to 1.7 × 105 s−1. From [Ackermann et al.,
2014], we conclude that the gamma-ray-flux of GBR-130427A above1 1 GeV is
∼ 10−4 cm−2 s−1. Compare this flux and our estimated time-to-detection to the
steady gamma-ray-sources shown in Figure 3.1.
Today, it is not known if the short gamma-ray-bursts coincident with neutron-
star-neutron-star-mergers emit gamma-rays with energies above ∼ 1 GeV, such
as it was observed in the long gamma-ray-bursts coincident with hyper-novae.
But Portal is a good way to find out. Assuming, without any particular model
in mind, that the flux of a short gamma-ray-burst above 1 GeV is large enough
for a satellite with ∼ 1 m2 collection-area to detect 0.01 gamma-rays, Portal will
still detect a flood of 300 gamma-rays. Gamma-ray-bursts also serve as test for
1Called ’Flux1000’ in 3FGL [Acero et al., 2015], see Figure 3.1.
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variations of the speed-of-light [Abdo et al., 2009a] where Portal’s high timing-
resolution is key to push the frontier of our models.
3.7 Seeing pulsars below the 10GeV cut-off
When stars run out of light elements to fuse, the outwards pushing pressure of the
fusion-heat can not longer outbalance the inward pulling gravitational binding.
When gravitational pressure takes over, the electron-nuclei-plasma in the star’s
core condenses to neutrons while the outer shell of the star is blown away in
what we observe as a super nova. The remnant is a compact neutron-star with
high magnetic field densities on its surface which rotates rapidly inside a nebula
of the former outer shell. On earth, we observe a pulsating emission of photons
timed in phase with the rotation of these neutron-stars. Therefore, we call them
pulsars. For most pulsars, the gamma-ray-emission shows a steep cutoff below
10 GeV [Aharonian et al., 2012]. At least for the pulsar inside the Crab-nebula
the energy extends, barely visible with todays instruments after 320 h of exposure,
into the 1, 000 GeV range [Ansoldi et al., 2016]. Portal is the first ground based
instrument to measure high gamma-ray statistics in short periods of times of
pulsars far below the 10 GeV cutoff. In addition, Portal at the same time can
observe the high energy emission in the 1, 000 GeV range using classic Cherenkov
telescope analysis. Portal is ideal to extend our knowledge on the gamma-ray-
emission from pulsars.
3.8 Searching for nearby pulsars and antimatter-
anisotropy
An excess of positrons in the cosmic-rays at energies above 10 GeV was mea-
sured by space born instruments [Adriani et al., 2009] and was not expected from
the positron-production-efficiency of galactic propagation-models for cosmic-rays.
Beside the hype on possible explanations using dark matter, this excess might
be explained with existing knowledge on nearby pulsars such as Geminga and
Monogem [Linden and Profumo, 2013]. There might also be unknown pulsars
even closer to us which we did not detect yet because their beamed emissions
are missing earth. A strong indication for the nearby-pulsar-theory would be
an anisotropy in the arrival-directions of the positron flux here on earth. Such
anisotropy might be measured by current and future Cherenkov-telescopes [Lin-
den and Profumo, 2013] using years of exposure-time. Portal on the other hand
can exploit the geomagnetic cutoff to have a rather pure sample of positrons [Su-
panitsky and Rovero, 2012]. The remaining background of gamma-rays could be
subtracted using the static gamma-ray-sky observed by Fermi-LAT [Acero et al.,
2015]. As the earth with its magnetic field and Portal rotate below the sky, the
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flux of positrons can be probed over a wide range of galactic directions. This
combination makes Portal an unique instrument to investigate the anisotropy of
the anti-matter-positron-sky.
3.9 Imaging bright stars with milli arcsecond-
resolution
Beside observing the gamma-ray-sky, the Cherenkov-plenoscope can at the same
time image bright stars with angular resolutions approaching 10−3 arcseconds.
Its plenoptic-perception and 1 ns arrival-time-resolution for single-photons of-
fer a unique opportunity for stellar-intensity-interferometry. Currently, the pro-
posed implementations of stellar-intensity-interferometers in arrays of Cherenkov-
telescopes [Dravins et al., 2012,Dravins et al., 2013], face large technological chal-
lenges for signal-processing and signal-transmission. Like the trigger in Cherenkov-
astronomy, a stellar-intensity-interferometer needs instant access to the photo-
sensors that sample nearby incident-directions (cx, cy), but separate support-
positions (x, y). In telescope-arrays, such photo-sensors are housed in separate
telescopes. To correlate their signals, flexible, high bandwidth cables need to
be routed over large distances. In addition, the signals need adjustable time-
delays to correct for the pointing of the telescopes. All of this either limits the
field-of-view, this is the number of photo-sensors used in each telescope, or the
exposure-time. In the Portal Cherenkov-plenoscope on the other hand, photo-
sensors that sample same incident-directions, but separate support-positions are
already ≈ 15 cm close together inside the light-field-sensor’s small cameras. In the
Cherenkov-plenoscope there is no need for adjustable time-delays, and no need
for signals to leave the protective housing of the light-filed-sensor. The unique
geometry of the Cherenkov-plenoscope potentially allows to cost-efficiently in-
stall signal-correlations for stellar-intensity-interferometry in each small camera in
the light-field-sensor, thus offering huge field-of-views. Compared to Cherenkov-
telescope-arrays, the Portal Cherenkov-plenoscope can only offer a 71 m baseline
for correlations, what is potentially enough for resolving ≈ 2 × 10−3 arcseconds.
Still, this resolution is in the regime of the European-Extremely-Large-Telescope,
and the Very-Large-Telescope- Interferometer [Dravins et al., 2012].
The Cherenkov-plenoscope offers a novel and unique trade-off for stellar-intensity-
interferometry: A limited baseline, and thus a limited angular resolution on the
one hand, but much less challenging signal-transmission and signal-processing,
much wider field-of-views, and unlimited exposure-times on the other hand.
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3.10 Probing the chemical composition of cosmic-
rays
To constrain the origin and the propagation of cosmic-rays, their chemical compo-
sition at energies of ∼ 106 GeV is of great interest. At this energy, the cosmic-ray-
spectrum has one of its few features, the so called knee. Space-born detectors like
AMS-01 [Aguilar et al., 2010], and AMS-02 can measure the chemical composition
of cosmic-rays precisely. But, at energies of above ∼ 103 GeV, their small col-
lection areas leave the chemical composition of cosmic-rays unresolved. Ground
based air-shower-tail-detectors have large collection-areas to observe cosmic-rays
at energies around the knee. They can even estimate the cosmic-ray’s charge by
measuring the air-shower’s muon-multiplicity. But muon-multiplicity depends on
hadronic interaction-models. Today these hadronic models need to be extrapo-
lated far beyond the energies reached in particle-colliders. A model-independent
alternative is to observe the direct Cherenkov-light emitted by the cosmic-ray to
deduce its charge [Kieda et al., 2001]. Direct Cherenkov-light-observations with
Cherenkov-telescope-arrays have large collection-areas of ∼ 105 m2. But mea-
suring the cosmic-ray’s first-interaction-altitude, at which the emission of direct
Cherenkov-light stops, is challenging [Aharonian et al., 2007].
In a first attempt [Engels, 2017], Axel Arbet Engels simulates an idealized Cherenkov-
plenoscope with the goal to estimate the cosmic-ray’s first-interaction-altitude
in each individual air-shower. He reconstructs the emission-positions of the
Cherenkov-photons in three spatial dimensions from the light-field-sequence using
tomography. He uses a simple filtered-back-projection implemented by the author
of this thesis (S.A.M.), see Figure 15.4 in Chapter 15. Axel’s first findings indicate
a potential to resolve the first-interaction-altitude within ≈ 1, 000 m. This would
allow a charge-resolution of 14.3% for iron. Tomographic reconstructions of air-
showers with either a Cherenkov-plenoscope or an array of Cherenkov-telescopes,
have the potential to reveal insights beyond the simple ellipse-models [Hillas,
1985] often discussed in reconstructions based on imaging.
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Chapter 4
Conclusion
Before this thesis, the 1 GeV gamma-ray-sky with its high variability and fast
transient-phenomena at and below the ∼ 1 second-time-scale has been far out of
reach for astronomy. But this is about to change now.
Our proposed 71 m Portal Cherenkov-plenoscope offers 30, 000 m2 collection-area1
for cosmic gamma-rays at 1 GeV. It can detect several sources in the steady,
non-flaring gamma-ray-sky within seconds2. It can, for the first time, study
the gamma-ray-emission of pulsars below the crucial 10 GeV cutoff-energy3. It
can look deeper into the universe, and thus choose from more potential sources,
than any existing or proposed ground based instrument4. Portal can sneak be-
low the geomagnetic cutoff for charged cosmic-rays5 and study the positron-
sky’s anisotropy6. Its novel cable-robot-mount has no near-zenith-singularity7
and thus can point the Cherenkov-plenoscope intrinsically faster during its hunt
for transient-phenomena. The Cherenkov-plenoscope can reconstruct the inner
structures of air-showers in three spatial dimensions8, which potentially opens
a window for particle-physics. Portal’s field-of-view is 170% the solid-angle of
current Cherenkov-telescopes9. And dedicated Cherenkov-plenoscopes can be
build to push the current generation’s field-of-view by more than one order-of-
magnitude10. Portal can potentially run 8,443 stellar-intensity-interferometers
simultaneously across its field-of-view11, each having 61 support-positions on
the aperture-plane. Portal’s field-of-view is, for the first time in Cherenkov-
astronomy, free12 of aberrations and distortions and thus allows a more pre-
cise reconstruction of cosmic gamma-rays than any other existing or proposed
Cherenkov-telescope. Portal can be build now using established technology13.
And it costs14 only ≈ 218.5 × 106 CHF, a fraction of the costs for a satellite-
mission.
1Figure 2.4 2Figure 3.1 3Section 3.7
4Section 3.4, Figure 3.2 5Figure 2.7 6Section 3.8
7Chapter 16 8Chapter 15 9Figure 5.12
10Chapter 10, Figure 10.8 11Section 3.9
12Chapter 10 13Chapter 7
14Chapter 17.
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Chapter 5
Meeting Portal
Figure 5.1: The logo of the Portal Cherenkov-plenoscope.
To meet the Portal Cherenkov-plenoscope, we take you on a picture-tour. Figure
5.1 shows Portal’s logo. Since the word telescope is about far seeing, it contradicts
the plenoptic method which is about close seeing in the vicinity of the aperture.
Therefore, we do not use the term ’light-field-telescope’. Instead, we propose to
call this novel class of instrument: Plenoscope. The term is first used by Fredrik
Bergholm [Bergholm et al., 2002] to describe a hand-held optics with an eyepiece
to explore light-fields and plenoptic-perception. During this thesis, we created
the term independently ourselves again.
The pictures of Portal shown here are rendered with the same program which
we use to propagate Cherenkov- and night-sky-background-photons, see Section
18.2. Here we see Portal with its dedicated cable-robot-mount which we discuss in
Chapter 16. The author of this thesis (S.A.M.) proposes the concept of a cable-
robot-mount. And in his master-thesis [Daglas, 2017], civil-engineer Spyridon
Daglas works out the details of the cable-robot-mount shown here.
Figure 5.2 shows the Portal Cherenkov-plenoscope from the side in a distance of
∼ 1 km. The four 162 m tall masts supporting the light-field-sensor potentially
will become quite a landmark. In Figure 5.3 we see Portal from ∼ 1 km above.
The large 71 m imaging-reflector is enclosed by rectangular concrete-pillars in a
circle with 128 m diameter. The four outer masts are on a circle with 336 m
diameter. In Figure 5.4 we see Portal’s large, 71 m diameter imaging-reflector.
It is composed from small 2 m2 mirror-facets mounted on a three layer space-
truss made out of carbon-fiber-tubes. Figure 5.5 shows the interplay of imaging-
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reflector and light-field-sensor from the top, and Figure 5.6 shows it from the
side. The two independent mounts supporting the two components always try to
establish the desired target-geometry between the two. Depending on the desired
default-focus, see Section 12.6, the light-field-sensor is ≈ 105 m away from the
imaging-reflector. The light-field-sensor looks red, because we can see the red
photo-sensors through the lenses. The light-field-sensor is 12.1 m in diameter what
corresponds to 6.5◦ field-of-view. In Figure 5.7 we see the space-truss structure
of a mast, and the light-field-sensor in the background. The space-truss-design is
adopted from wide spread overhead-power-lines. Figure 5.8 shows the light-field-
sensor inside its icosahedron-shaped cage and one of the four masts supporting it
in the background. The cage-design is adopted from the cable-robot-simulator,
see Figures 16.1, and 16.2. Figure 5.9 shows the densely packed small cameras
inside Portal’s light-field-sensor. Same as in the conceptual Figures 2.2, and 2.3,
the photo-sensors are red, and the walls separating the small cameras are green.
In Figure 5.10 we look straight into the light-field-sensor from a close distance
of ∼ 2 m. Through the lenses, we see the red photo-sensors and the green walls.
A single, isolated small camera is shown in Figure 5.11. The dimensions of the
small camera are discussed in Chapter 7, and shown in Figure 7.2.
In Figure 5.12 we compare the field-of-views of current Cherenkov-telescopes,
the Fermi-LAT satellite, and the Portal Cherenkov-plenoscope. Using plenoptic-
perception to overcome aberrations, see Chapter 10, Portal’s field-of-view could
be made even larger. The only reason here to limit Portal’s field-of-view is cost-
efficiency for being a gamma-ray-timing-explorer that will focus on individual
sources. In Figure 5.13 we compare the aperture of Portal’s imaging-reflector to
past and present apertures in Cherenkov-telescopes.
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Figure 5.11: A small camera of Portal’s light-field-sensor. A single biconvex
lens with a hexagonal aperture in front of an image-sensor made out of M = 61
hexagonal photo-sensors. The photo-sensors on the image-sensor are red. Surfaces
touching neighboring small cameras are green. The red and green color-scheme
allows to compare the Figures 2.2, and 2.3. For dimensions see Figure 7.2.
Figure 5.12: The field-of-views of Cherenkov-telescopes, the Portal Cherenkov-
plenoscope, and Fermi-LAT. Here 100% is the full 4pi sr. H.E.S.S. II [Cornils et al.,
2005], VERITAS [McCann et al., 2010], FACT [Anderhub et al., 2013a], MACE
[Kuldeep, 2013], H.E.S.S. [Punch et al., 2001, Bernlo¨hr et al., 2003]. For Fermi-
LAT, the ≈ 20% is the instantaneously observable field-of-view from gamma-ray-
energies of ≈ 1 GeV to ≈ 1 TeV [Wood et al., 2016].
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Figure 5.13: The various apertures of former and current Cherenkov-telescopes in
the year 2017. Inspired by [Cmglee, 2014]. CANGAROO I [Roberts et al., 1998],
CANGAROO III [Kubo et al., 2004], FACT [Anderhub et al., 2013a], H.E.S.S.
[Punch et al., 2001,Bernlo¨hr et al., 2003], H.E.S.S. II [Cornils et al., 2005], MACE
[Kuldeep, 2013], SHALON [Sinisyna, 2005], TACTIC [Acharya, 2005], VERITAS
[McCann et al., 2010], WHIPPLE [Lewis, 1990], CAT-France [Barrau et al., 1998].
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Chapter 6
Focusing and a narrow
depth-of-field
Every telescope with an extended aperture has the limitation of focusing and
the limitation of a narrow depth-of-field. The bigger the aperture, the narrower
becomes the depth-of-field, and the bigger becomes the need for focusing. In this
Chapter we demonstrate and discuss the shortcomings of imaging on Cherenkov-
telescopes. First, we remind ourselves what imaging is all about. Second, we
discuss the theory behind focusing and the depth-of-field. And third, we present
example air-shower-images recorded with different aperture-sizes and different
focuses.
6.1 Defining imaging
Imaging is about filling an intensity-histogram based on the incident-directions
of incoming photons. The resulting intensity-histogram is called image or picture
and its bins are often called picture-cells, or pixels for short1. The most simple
model for imaging is the pin-hole-camera.
Point like apertures
In a pin-hole-camera, all photons pass through a single point in the aperture-
plane, see Figure 6.1. The intercept-theorem tells us where a photon is going to
hit the sensor-plane when we know the photon’s incident-direction. On the pin-
hole-camera, the image is sharp for all objects in the scenery. Regardless of the
object-distance g of the object, the object will only illuminate a single point on
the sensor-plane. Since all objects in all object-distances are always sharp, there
is no need for focusing, and there is no narrowing of the depth-of-field. There is
1Many imaging-systems, e.g. Cherenkov-telescopes are designed so that the photo-sensors
in their image-sensors directly correspond to a pixel. However, we define a pixel to be a bin
in an intensity-histogram based on the incident-directions of photons, and not to be a physical
device like a photo-sensor.
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Figure 6.1: The pin-hole-camera. Long horizontal line is the optical-axis, point a
is the hole in the aperture. Thin vertical line in distance d is the sensor-plane. A
photon emitted in object-distance g passes through point a on the aperture-plane
and is absorbed on the sensor-plane in point i.
just one problem with the pin-hole-camera. A point like aperture will not collect
any photons. To collect photons, we need an extended aperture.
6.2 Extended apertures
Real telescopes have extended apertures. And when the aperture is extended,
photons with same incident-directions, this is photons which will be assigned
to the same pixel in the image, might enter the aperture at different support-
positions. Such two parallel photons can not be emitted from the same point in
space (from the same object). Thus the image will be blurred. The extension of
the aperture allows us to collect photons, but it is the reason why not all objects
in an image can be sharp at the same time. Extended apertures are described by
the Thin-lens-equation
1
f
=
1
g
+
1
b
, (6.1)
and the intercept-theorem, see Figure 6.2. The Thin-lens-equation describes in
which image-distance b the sensor-plane must be in order to record a sharp image
of an object in object-distance g when the focal-length of the imaging-system
is f . An image of an object is sharp when the sensor-plane is positioned such
that all the photons which passed the aperture and came from the object (from
a point in space), converge on the sensor-plane. In Figure 6.2 we find that the
image i, i′, i′′ is a scaled projection of the aperture-function a, a′, a′′. We can
describe the images of objects that are not in focus as a sharp image, recorded
by a pin-hole-camera, that got convolved with the scaled aperture-function of
the extended camera. This blurring caused by the aperture-function is often
discussed as Bokeh [Merklinger, 1997, Ahnen et al., 2016a], where the author of
this thesis (S.A.M.) took the leadership of the investigations for [Ahnen et al.,
2016a]. In Figure 6.2, the narrowness of the depth-of-field can be described as
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Figure 6.2: An imaging-system with focal-length f . Long horizontal line is
the optical-axis, thick vertical line is the principal-aperture-plane. The three
principal-rays of a light-source in object-distance g are shown to converge in
image-distance b. However, the principal-rays do not converge on the sensor-
plane since it is in sensor-plane-distance d 6= b. The image of the object is not
sharp as it stretches from i to i′′. Here the imaging-system passes the photons
through the principal-aperture-plane, like a lens. For imaging-reflectors, the fig-
ure is mirrored along the principal-aperture-plane.
the angle between the line ai and the line a′′i′′. If the angle between ai and a′′i′′ is
small, the depth-of-field is wide. Objects in a wide range of object-distances will
appear sufficiently sharp in the image. On the other hand, if the angle between ai
and a′′i′′ is large, only objects from a narrow region of object-distances (depth-of-
field) will appear sufficiently sharp in the image. So we find that focusing is about
adjusting the distance between the sensor-plane and the principal-aperture-plane
such that a desired object is ’sharp’ in the image. And a narrow depth-of-field is
about the problem that we can not have all objects from different object-distances
sharp in the image at the same time. In the introduction of [Bernlo¨hr et al., 2013],
we find2 an estimate
g± = g(1± pg/(2fD)) (6.2)
for the start-object-distance g− and end-object-distance g+ of the depth-of-field on
a Cherenkov-telescope which is based on the thoughts of [Hofmann, 2001] where
also the Thin-lens-equation 6.1 is used. Here p is the extent of a pixel projected
onto the image-sensor, and D is the aperture-diameter of the imaging-reflector.
A Cherenkov-telescope of the same size of Portal would have a depth-of-field
extending from g− = 9.2 km to g+ = 10.8 km for an focus set to an object-
distance of g = 10.0 km. It means, that only the narrow range of an air-shower
between 9.2 km and 10.8 km above the principal-aperture-plane will be ’sharp’,
and the rest is blurred. Here the depth-of-field is only 1.6 km. Depending on
the energy, air-showers can have extensions in the atmosphere which exceed the
depth-of-field by about an order-of-magnitude.
2In [Bernlo¨hr et al., 2013], the authors use d instead of g as variable-name for the object-
distance.
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6.3 The Cherenkov-telescope’s perception
Imaging with Cherenkov-telescopes runs into a physical limit when we want to
lower the energy-threshold for cosmic particles. To lower the energy-threshold
for cosmic particles, Cherenkov-telescopes need larger apertures, need to move
further up in altitude to get closer to the air-shower, and need higher angular
resolution. But all these three measures:
• larger apertures
• closer to the air-shower
• higher angular resolution
are also the key measures to narrow the depth-of-field which will blur the images.
First, in Figure 6.2 we see that when the aperture is enlarged, the points a, a′, and
a′′ will move further apart, and thus the image i, i′, and i′′ will be spread out even
more to blur the image. Second, in the Depth-of-field-equation 6.2 we find that
the depth-of-field, this is the difference between g+ and g−, becomes narrower the
closer we move the Cherenkov-telescope to the air-shower, this is the smaller the
object-distance g becomes. And third, from Figure 6.2 we conclude that when
the angular resolution of the pixels is increased, a spreading of the points i, i′,
and i′′ will be more apparent and thus renders the additional angular resolution
useless by blurring the image.
Imaging itself becomes a physical limit which prevents us from observing low ener-
getic cosmic gamma-rays in the regime below 25 GeV with Cherenkov-telescopes.
6.4 The Cherenkov-plenoscope’s perception
But what if the sensor-plane in Figure 6.2 not only knew that three photons
arrived in the points i, i′, and i′′. What if it knew that these three photons
traveled on the trajectories ia, i′a′, and i′′a′′. In this case we knew based on the
Thin-lens-equation 6.1, and the intercept-theorem that the photons approached
the aperture on the trajectories ae, a′e, and a′′e. In this case we had a strong
hint that there were photons produced in the point e.
This is plenoptic perception [Lippmann, 1908], this is what the Cherenkov-plenoscope
senses. With plenoptic perception, the Cherenkov-plenoscope turns the limita-
tions of imaging into three-dimensional reconstruction-power. With the Cherenkov-
plenoscope, the three measures needed for lowering the energy-threshold (larger
apertures, closer to the air-shower, higher angular resolution), all improve the
three-dimensional reconstruction-power for air-showers. First, when the aperture-
diameter of the imaging-reflector is increased, the baselines for three-dimensional
reconstructions are enlarged. This extends the reconstructible volume of atmo-
sphere further up in front of the aperture-plane. Second, when the Cherenkov-
plenoscope is build higher in altitude, the air-shower will be closer to the aperture
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where the three-dimensional reconstruction-power is largest due to the finite base-
line and finite angular resolution. Third, when the angular resolution of the pixels
in increased, again the reconstructible volume of atmosphere extends further up
in front of the aperture-plane.
Where the telescope works best with small apertures, the plenoscope works best
with large apertures. The Cherenkov-plenoscope will probably take over the per-
formance of Cherenkov-telescopes at aperture-diameters of about 25 m for the
reasons of limited perception due to imaging discussed in [Bernlo¨hr et al., 2013],
and [Hofmann, 2001].
6.5 Example images of air-showers
We demonstrate the need for focusing and the limitations of a narrow depth-
of-field using five simulated observations of air-showers. For each of the five
simulated gamma-ray-events, we compile a collection of four different classes of
figures.
The first class of figures shows the image of the air-shower recorded with a giant
Cherenkov-telescope of the same size of Portal with an aperture-diameter of 71 m.
The second class of figures shows an array of seven images from the same air-
shower recorded by a dense array of seven large Cherenkov-telescopes with an
aperture-diameter of 23.7 m each. Figure 6.3 shows how the apertures of the seven
large Cherenkov-telescopes are positioned in the aperture of the giant Cherenkov-
telescope. The third class of figures shows eight images from the same air-shower
again recorded with the giant 71 m Cherenkov-telescope, but this time the focus
is set to eight different object-distances. The fourth class of figures shows the
distribution of the true emission-positions of the Cherenkov-photons which were
detected by the instruments. The example figures are grouped as shown in Table
6.1. Such high energetic air-showers will be rare in the observations of Portal, but
serve well as a demonstration for imaging. If not explicitly stated differently, the
images of the Cherenkov-telescopes shown here are focused to an object-distance
of 10 km. The figures show only the intensity of photons which were classified to
be Cherenkov-photons, see Chapter 13.
Redefining imaging – Cherenkov-plenoscope
All the figures in this chapter show the images of air-showers exactly the way
a classic Cherenkov-telescope would have observed them. However, we create
these images from projections of the light-field observed by our Portal Cherenkov-
plenoscope. As we discuss in Chapter 9, we can project the light-field of the
Cherenkov-plenoscope onto images which correspond to images of Cherenkov-
telescopes with different support-positions, different aperture-diameters, and dif-
ferent focuses. For the demonstration of the effects of a narrow depth-of-field on
67
Figure 6.3: To demonstrate the effect of different aperture-sizes and different
support-positions, we comfortably fit seven 23 m Large-Size-Telescopes [Acharya
et al., 2013] of the upcoming Cherenkov-Telescope-Array into the aperture of
Portal. The numbers of the seven large Cherenkov-telescopes (0 to 6) correspond
to the numbers in the lower left corners of the images in the Figures 6.5, 6.9, 6.13,
6.17 and 6.21.
images of air-shower taken by Cherenkov-telescopes, it is not relevant that the im-
ages were actually projections of a light-field recorded by a Cherenkov-plenoscope.
But we point this out here to demonstrate that the Cherenkov-plenoscope can
always fall back to all the reconstruction-methods for air-showers which were de-
veloped for Cherenkov-telescopes and arrays of Cherenkov-telescopes. Our Portal
has not only seven but 61 paxels to segment its aperture. But for the purpose
of this demonstration we integrate over these 61 paxels using the mask shown
in Figure 6.3 to obtain seven paxels corresponding to an array of seven 23.7 m
Cherenkov-telescopes. Compare this to the 23 m Large-Size-Telescope [Acharya
et al., 2013] of the upcoming Cherenkov-Telescope-Array.
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1 121.8 -69.7 4.5 6.4 6.5 6.7 6.6
2 113.6 14.0 69.7 6.8 6.9 6.11 6.10
3 197.1 51.8 -1.0 6.12 6.13 6.15 6.14
4 230.0 -10.2 56.4 6.16 6.17 6.19 6.18
5 308.0 10.2 2.4 6.20 6.21 6.23 6.22
Table 6.1: Basic properties of the gamma-rays shown in the example images.
All gamma-rays come from zenith, and run parallel to the optical-axis of the
telescopes. Here x, and y is the positions where the elongated trajectory of the
cosmic gamma-ray intersects the principal-aperture-plane. Also the correspond-
ing figure-numbers are shown.
6.6 Discussion
In the images recorded by a giant 71 m telescope shown in the Figures 6.4, 6.8,
6.12, 6.16, and 6.20, we find that the air-showers do not look like ellipses anymore
as it is described by Hillas’ model [Hillas, 1985]. Depending on the distance be-
tween the cosmic particle’s trajectory and the optical-axis, the air-shower-images
either have a triangular, or a circular shape, but not the shape of an ellipse.
On the other hand, the air-shower-images recorded by the seven 23 m telescopes
in the Figures 6.5, 6.9, 6.13, 6.17, and 6.21, do look much more like symmet-
ric ellipses according to Hillas. In the seven images recorded by the seven 23 m
telescopes we find, as expected from stereoscopic arrays of Cherenkov-telescopes,
that the main-axes of the ellipses in the individual images intersect in one point.
Since the seven 23 m telescopes are located at different support-positions, see
Figure 6.3, they observe the air-showers from different perspectives which allows
for stereoscopic reconstructions of the air-showers. Now the images of the giant
71 m telescope are blurred and difficult to interpret because these are the sum of
those seven images recorded by seven individual 23 m telescopes. The image of
the 71 m telescope, can not be separated again into the individual images of the
seven 23 m telescopes. All this information about the individual main-axes of the
ellipses, which is so powerful to reconstruct the incident-direction of the cosmic
gamma-ray, is lost in the image of the 71 m telescope.
In the Figures 6.7, 6.11, 6.15, 6.19, and 6.23, we show how drastically the air-
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shower-images change when we choose to focus the 71 m telescope to different
object-distances. To be clear, on a real Cherenkov-telescope there is no way to
record such a series of images with the focus set to different object-distances.
But here we can simulate the same air-shower multiple times, while the telescope
focus is varied. Now when we look at the stack of refocused air-shower-images,
we find that there are images in the middle of these stacks where the density of
Cherenkov-photons is highest, while in return the density is lowest for the images
at the lower and upper end of the stack. When we look at the density of the
true emission-positions of these photons in the Figures 6.6, 6.10, 6.14, 6.18, and
6.22, we find that the object-distances for the air-shower-images in the focus-
stack with the highest photon-densities, correlate with the object-distances for
the highest density of true emission-positions. Although all images in the focus-
stack contain the same Cherenkov-photons, these images look different because
each one focuses to just one thin slice of the air-shower along the optical-axis.
A stack of refocused images can be used for the three-dimensional, tomographic
reconstruction of air-showers, see Chapter 15.
6.7 Conclusion
The Cherenkov-plenoscope not only overcomes the physical limit of the narrow
depth-of-field, but it turns the tables on it. All the three measures proposed
to lower the energy-threshold on Cherenkov-telescopes: Larger apertures, closer
to the air-shower, and higher angular resolution; all toughen the depth-of-field-
limitations on Cherenkov-telescopes, but strengthen the reconstruction-power of
the Cherenkov-plenoscope.
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Figure 6.4: Image of a 71 m Cherenkov-telescope.
Figure 6.5: Seven classic images from an array of Cherenkov-telescopes, see Figure
6.3.
71
Figure 6.6: The true emission-distribution of Cherenkov-photons which were de-
tected.
72
Figure 6.7: Image taken with full 71 m aperture refocused to different object-
distances g, see lower left corner of each image.
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Figure 6.8: Image of a 71 m Cherenkov-telescope.
Figure 6.9: Images of seven 23 m Cherenkov-telescopes.
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Figure 6.10: The true emission-distribution of Cherenkov-photons which were
detected.
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Figure 6.11: Same event as Figure 6.8. Image taken with full 71 m aperture
refocused to different object-distances g, see lower left corner of each image.
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Figure 6.12: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
Figure 6.13: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
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Figure 6.14: The true emission-distribution of Cherenkov-photons which were
detected.
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Figure 6.15: Same event as Figure 6.12. Image taken with full 71 m aperture
refocused to different object-distances g, see lower left corner of each image.
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Figure 6.16: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
Figure 6.17: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
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Figure 6.18: The true emission-distribution of Cherenkov-photons which were
detected.
81
Figure 6.19: Same event as Figure 6.16. Image taken with full 71 m aperture
refocused to different object-distances g, see lower left corner of each image.
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Figure 6.20: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
Figure 6.21: A gamma-ray coming from zenith, the elongated trajectory of the
cosmic gamma-ray intersects the aperture plane 72 m off the optical-axis. Full
71 m aperture.
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Figure 6.22: The true emission-distribution of Cherenkov-photons which were
detected.
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Figure 6.23: Same event as Figure 6.20. Image taken with full 71 m aperture
refocused to different object-distances g, see lower left corner of each image.
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Chapter 7
Introducing Portal’s optics
Although the Cherenkov-plenoscope’s perception is fundamentally different from
the Cherenkov-telescope’s perception, its optical components are not. There are
only two different types of optical components in Portal. First mirror-facets, and
second lenses. Both are mass fabricated with purely spherical surfaces. Their
identical copies are used over and over again. We list optical properties and
motivate design-choices.
7.1 Imaging-reflector
Portal’s large imaging-reflector has f = 106.5 m focal-length and D = 71 m outer
diameter resulting in a focal-ratio F = f/D = 1.5. Because of the lenses in
the light-field-sensor, we do not want to go much below this focal-ratio, see later
Section 7.3. To be light-weight and cost-efficient, Portal has a segmented imaging-
reflector which is composed from many identical mirror-facets. These mirror-
facets are the first of the two optical components used in Portal. The Figures 2.1,
5.2, and 5.4 show schematics and renderings of Portal’s large imaging-reflector.
Mirror-facets
The 1,842 mirror-facets are also imaging-reflectors themselves with the same
focal-length f as the overall large imaging-reflector. The reflective surface of
each mirror-facet has the shape of a sphere with a curvature-radius of 2f . The
perimeter of the mirror-facets is hexagonal to fill the overall aperture with only
small gaps in between the edges of the facets. The outer perimeters of all mirror-
facets are fully enclosed by the 71 m diameter of the large imaging-reflector. Since
the center of the large imaging-reflector is shadowed by the light-field-sensor, we
do not put mirror-facets within an inner diameter of 5 m but leave room for
e.g. calibration-equipment. Each mirror-facet provides 1.97 m2 reflective area,
compare CTA-LST-facet in Table 16.1. Between the edges of neighboring mirror-
facets is a gap of 2.5 cm for clearance. In total, the reflective area of Portal’s large
imaging-reflector is 3, 628.7 m2. Figure 7.1 shows the mirror-facets reflectivity
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used in the simulations. This is the reflectivity of a durable coating for mirror-
facets developed for the upcoming Cherenkov-Telescope-Array (CTA) [Pareschi
et al., 2013a]. We choose a large 1.97 m2 mirror-facet which can be mass pro-
duced today in a cost-efficient way [Pareschi et al., 2013a]. Larger mirror-facets
reduce the complexity of their orientational fine alignment, and are favored by
the supporting space-truss-lattice, see Figure 16.9.
Principal-aperture-plane
Without loss of generality, we describe the geometry of Portal’s imaging-reflector
with respect to the principal-aperture-plane [Wo¨hler, 2012, Forsyth and Ponce,
2003], compare Figure 6.2. The principal-aperture-plane in x and y, together
with the optical-axis of the imaging-reflector in z define the origin of the imaging-
reflector’s frame. We describe the geometry of the imaging-reflector with respect
to the principal-aperture-plane, because the principal-aperture-plane is also our
reference to describe the light-field, see Chapter 8, and Figure 8.1 in particular.
Describing the light-field with respect to the principal-aperture-plane simplifies
the representation of the light-field, as it abstracts away the complex surface-
geometry of the imaging-reflector, see Chapter 8. For reasons that we will discuss
next, all of the mirror-facets of Portal’s imaging-reflector are positioned above
the principal-aperture-plane. The principal-aperture-plane is not the surface of
the mirror-facets, but an abstract plane.
Geometry
The center-positions of the mirror-facets are embedded on a paraboloid to opti-
mize isochronous imaging as much as possible before we have to fall back to the
novel reconstruction-methods for the photon-arrival-times which are possible with
the light-field-sensor, see Section 8.3. In contrast to embedding the mirror-facets
center-positions on a sphere with the focal-point ~f = (0, 0, f) in its center, as it
is done in the Davis-Cotton-geometry [Davies and Cotton, 1957], the paraboloid
induces a wider spread in photon-incident-directions, but a narrower spread in
photon-arrival-times. For Portal, we choose to go for the smallest possible spread
in photon-arrival-times.
On Portal’s imaging-reflector, the center-position of the i-th mirror-facet
~mi =
(
xi, yi,
r2i
4f
+ c
)T
(7.1)
is restricted in its x, and y-component by the hexagonal grid of the mirror-facets.
The z-component depends on the distance ri =
√
x2i + y
2
i of the mirror-facet to
the optical-axis, the focal-length f , and an offset c which is chosen globally for
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Figure 7.1: The reflection-coefficient used to simulate the mirror-facets on the
imaging-reflector of Portal. This is the measured reflection-coefficient of the
so called ’dielectric’ mirror-facets of the Medium-Size-Telescope (MST) in the
Cherenkov-Telescope-Array (CTA) [Pareschi et al., 2013a,Pareschi et al., 2013b].
all mirror-facets to fulfill
f
!
= 1
Q
∑Q
i=0
∣∣∣~f − ~mi∣∣∣
2
. (7.2)
Here Q is the number of mirror-facets. The offset c rises all the mirror-facets along
the optical-axis up and above the principal-aperture-plane so that the average of
all the distances from the mirror-facets to the focal-point equals the focal-length.
The target-orientations of the mirror-facets are such that the central spot on
each mirror-facet reflects photons running parallel to the optical-axis towards the
focal-point ~f .
7.2 Aligning the mirror-facets on Portal
Just as on Cherenkov-telescopes, orientation-alignment for the 1,842 mirror-facets
is needed in a regime of ≈ 0.035◦, which is half a pixel’s field-of-view. Since
Portal uses many more mirror-facets than existing telescopes, the alignment-
method for Portal must have an execution-time which does not scale too fast with
the number of mirror-facets. Fortunately, the alignment-methods for Cherenkov-
telescopes [McCann et al., 2010, Ahnen et al., 2016b] which are based on the
characterization of solar-concentrators during the night [Arqueros et al., 2003],
have a constant execution-time with respect to the number of mirror-facets. The
author of this thesis (S.A.M.) took the leadership in the investigations of [Ahnen
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Figure 7.2: Dimensions in millimeter. The geometry of the small cameras inside
Portal’s light-field-sensor. On the left is the view from the front, on the right is
the view from the side. Just as in the Figures 2.2, 2.3, and 5.11, the sensitive
surfaces of the photo-sensors are red and the faces of the lens which are touching
neighboring lenses are green.
et al., 2016b]. We propose to adopt such alignment-methods, and increase the
robustness by using more cameras, if needed. Currently these alignment-methods
only use a single CCD-camera1in the focal-point of the imaging-reflector. But
alignment-methods can use plenoptic-perception as well by e.g. replacing the
single CCD-camera with an array of CCD-cameras. This way, a wider range of
possible miss-orientations of the mirror-facets could be covered in shorter time,
and possible misalignments between the large imaging-reflector and the light-
field-sensor could be compensated.
7.3 Light-field-sensor
The light-field-sensor of Portal is a dense, two-dimensional array of identical,
small cameras. Figure 7.2 shows the dimensions of one of these small cameras.
Each small camera consists out of first a bi-convex, spherical lens made out of
silica-glass, and second a two-dimensional array of photo-sensors. This lens is the
second of the two optical components used in Portal. In Figure 7.2 the faces of
the lens which touch neighboring lenses of neighboring small cameras are shown
in green. The green faces of the lens are opaque. The sensitive surfaces of the
photo-sensors are shown in red. The lens in the small camera is positioned such
that its projection of incoming photons is sharpest in the outer region on the
photo-sensors, and not in the center. Figure 7.3 shows the point-spread-functions
inside a small camera for different incident-directions of photons coming from
different positions on the large imaging-reflector. Because the lens has a rather
1These cameras do not necessarily have a Charged-Coupled-Device (CCD). The term CCD-
camera just happens to be often used for industrial cameras with sizes similar to the human
eye. We use it here to prevent naming-collisions with the small cameras in the light-field-sensor
of Portal.
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wavelength/nm transmission through 1 cm/%
193 98.5
249 99.5
266 99.9
Table 7.1: Transmission-probability of photons going through a 1 cm thick plate
of Suprasil silica-glass made by Heraeus [Heraeus, 2018] excluding losses due
to Fresnel-reflection. For wavelength above 266 nm and until ≈ 1, 100 nm, the
attenuation seems to be negligible for the simulations of Portal. The lenses in
Portal are at most 1.5 cm of path-length.
strong aberration in the outer region of its projection, we made the inner walls
of the small camera reflective. These inner walls have the same reflectivity as
the mirror-facets of the large imaging-reflector, see Figure 7.1. In the Figures
the walls are green as they also touch neighboring small cameras just like the
green surfaces of the lens. These reflective walls actually reduce more artifacts
than they create. In Figure 7.3 for small incident-angles up to 11.1◦, we find that
caustics are running out of the point-spread-function’s core towards the outside.
Now with reflective inner walls, these caustics are thrown back towards the inside
when the incident-angles become larger. In any case, this correction is only minor
as it effects only a small fraction of the photons.
Bi-convex lens with hexagonal perimeter
The bi-convex lenses are made out of silica-glass. Because of its high transmis-
sion for bluish and ultra-violet photons, we choose a silica-glass called Suprasil
311/312/313 made Heraeus [Heraeus, 2018]2. The Figures 7.4 and the Table 7.1
show the transparency of the silica-glass. The lenses are so transparent that at
most ≈ 1% of the photons with wavelengths below 250 nm is absorbed inside of
them. Of course our simulation handles the Fresnel-reflections which are much
more relevant here. Figure 7.5 shows the refraction-index of the lenses.
Focal-ratio for small lenses and large imaging-reflector
For image-quality and ease of manufacturing, we want the largest possible focal-
ratios for the lenses. But in Figure 7.6 we find that the largest focal-ratio for the
lenses is determined by the intercept-theorem
flens
Dlens
=
f
D
, (7.3)
2Also other flavors of silica-glass made by other manufactures seem to have comparable
properties for our needs. But we give credits to Heraeus here because their specifications are
well documented.
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Figure 7.3: Point-spread-functions inside the small cameras. From the top left
to the bottom right the incident-angles of the photons are 0.0◦, 3.7◦, 7.4◦, 11.1◦,
14.7◦, and 18.4◦. Square grid has 20 mm spacing. Large hexagon is the perimeter
of the small camera, compare Figure 7.2. Small hexagons are the individual
photo-sensors, compare Figure 5.11. Darkening is proportional to the cube-root
of the intensity.
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Figure 7.4: The transmission-probability of photons going through a 1 cm thick
plate of Suprasil silica-glass made by Heraeus [Heraeus, 2018]. Reconstructed
from the specifications by Heraeus based on the transmission including losses due
to Fresnel-reflection, and the transmission with only the losses expected due to
Fresnel-reflection. See also Table 7.1.
Figure 7.5: The refraction-index used to simulate the lenses in Portal. This is
the measured refraction-index of ’Suprasil’ silica-glass produced by the Heraeus
company [Heraeus, 2018].
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Figure 7.6: The focal-ratio of the lenses should be the same as the focal-ratio
of the large imaging-reflector. This way, the array of photo-sensors in the small
camera is fully covered by the projection provided by the lens.
where we assume that f  flens. Since we want the small cameras to fill the
sensor-plane without gaps, the array of photo-sensors in a small camera can not
be larger than the lens’ diameter Dlens. Thus the projection provided by the lens
has to fit onto an area not exceeding the lens’ diameter Dlens.
However, Equation 7.3 is only valid for the one-dimensional case. In the two-
dimensional implementation used in Portal’s light-field-sensor there is an addi-
tional quirk. In Figure 7.2 we find, that the projected image of the large imaging-
reflector has to fit inside the inner-diameter of the hexagonal aperture of the lens.
But the lens’ optical diameter Dlens is the outer diameter of the hexagonal aper-
ture of the lens. This is one of two reasons why on Portal the focal-ratio for the
lenses is Flens = 1.22 instead of the F = 1.5 of the large imaging-reflector. This
is also the reason why the lenses have hexagonal apertures. Square, or triangular
apertures cause even smaller focal-ratios Flens because their inner and outer diam-
eters deviate even more. Figure 7.2 not only implies that an hexagonal aperture
for the lenses is optimal, but also that the large imaging-reflector should have a
hexagonal aperture, and not a circular one. This way, the large imaging-reflector
could be projected onto the full hexagonal array of photo-sensors inside the small
camera. In Portal, we did not yet implement this.
Afterthought – Curving the sensor-plane
The Portal Cherenkov-plenoscope simulated here uses a light-field-sensor with all
its small cameras positioned in a flat plane, and with all small cameras facing
parallel. However, we see benefits for future studies when the small cameras do
not face parallel, but do face towards the center of the large imaging-reflector.
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This way, the projections provided by the lenses always cover the entire array
of photo-sensors in each small camera. Otherwise the projections move further
off the photo-sensors the further the small cameras are off the optical-axis of the
large imaging-reflector. On Portal this is not yet a problem because Portal’s field-
of-view is not this large, and because we naively shortened the focal-ratio of the
lenses to compensate for this off-axis-effect. This shrinks the projections provided
by the lenses and is the second reason why the lenses in Portal have smaller focal-
ratios than Portal’s large imaging-reflector. But shortening the focal-ratios of the
lenses hurts optical quality and should be avoided. In general, and especially
when going for larger field-of-views, tilting the small cameras to make them face
the center of the large imaging-reflector should be a beneficial workaround. We
propose to achieve this individual tilt for the small cameras by not arranging
them on a flat plane, but on a sphere. The center of this sphere is the center of
the large imaging-reflector. And the curvature-radius of this sphere is the focal-
length f of the large imaging-reflector. This way, the small cameras are all tilted
to face the center of the large imaging-reflector, and the small cameras do not
interferer mechanically. The fact, that there is no flat sensor-plane anymore is
fully compensated using the light-field-geometry for the same reasons we discuss
in Chapter 11. Figure 7.7 shows our proposed curved light-field-sensor side-by-
side to a flat light-field-sensor.
Photo-electric-conversion
In Portal we simulate photo-sensors which have the photon-detection-efficiency
of the Hamamatsu R11920-100-05 photo-multiplier-tubes designed for the Large-
Size-Telescope (LST) in the Cherenkov-Telescope-Array (CTA), see Figure 7.8.
This photo-sensor is optimized to detect bluish Cherenkov-photons and to reject
reddish night-sky-background-photons. Rejecting reddish night-sky-background
photons eases the trigger-decision for air-showers. For the read-out of the signals,
we assume that Portal has the read-out of the FACT3 Cherenkov-telescope which
is discussed in Part II of this thesis.
7.4 Conclusion
The Portal Cherenkov-plenoscope only uses two types of optical components.
First, mirror-facets, and second lenses. Both these components have purely spher-
ical surfaces to ease their production. Both these components are mass produced
to populate the plenoscope with identical copies. The optics of Portal can be
produced today using established methods developed for Cherenkov-telescopes.
3This is not because we think that the read-out of the FACT Cherenkov-telescope is the best
read-out possible, but because we know its shortcomings and artifacts and how to represent
those in a simulation.
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Figure 7.7: We propose to curve the light-field-sensor in future studies to ease
the implementation of larger field-of-views, and to allow larger focal-ratios of the
lenses. On the left side, the plenoscope shown here has a flat light-field-sensor.
The projections provided by the lenses are shown in dark blue. On the left, flat
part of the light-field-sensor, these projections do not cover all photo-sensors. The
projections move more and more to the outside the further the small camera is
away from the optical-axis of the large imaging-reflector. On the right, curved
part of the light-field-sensor, the projections still cover all the photo-sensors in
the small cameras. Compare to the plenoscope in Figure 2.2 which has a much
smaller field-of-view.
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Figure 7.8: The photon-detection-efficiency used to simulate the photo-sensors in
the light-field-sensor of Portal. This is the measured photon-detection-efficiency
of the photo-multiplier-tube R11920-100-05 by manufacturer Hamamatsu de-
veloped for the Large-Size-Telescope (LST) in the Cherenkov-Telescope-Array
(CTA) [Toyama et al., 2013].
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Chapter 8
Estimating the
light-field-geometry
Here we describe in a quantitative way how the plenoscope perceives the light-
field. We do this by describing the geometry of the light-field perceived by each
photo-sensor in the plenoscope. Based on this description, we can reconstruct the
three-dimensional trajectories and arrival-times of photons. In Section 8.1, we in-
troduce two addressing schemes for the photo-sensors in the light-field-sensor. In
Section 8.2, we present our implementation of an approximative description for
the geometry of the light-field. In Section 8.4, we visualize this approximative
description for Portal. We name this approximative description the light-field-
geometry of the plenoscope.
Further in Section 8.3, we present perfect isochronous imaging with the Cherenkov-
plenoscope, which overcomes a fundamental shortcoming of Cherenkov-telescopes,
and is useful when projecting the light-field onto images.
8.1 Addressing photo-sensors and lixels
When we first introduce an addressing scheme for the photo-senors in the Portal
plenoscope in Equation 2.1 we chose a two-dimensional scheme (n,m) where n
loops over all the N = 8, 443 small cameras and m loops over the M = 61
photo-sensors in each of those small cameras. In this first introduction, the small
cameras can be identified as pixels, and the individual photo-sensors in the small
cameras can be identified as paxels. We did so to stress the hierarchy between
the photo-sensors in the light-field-sensor presented in Figure 2.2. However, the
fact that such a two-dimensional addressing is possible goes back two the specific
design of Portal’s light-field-sensor. But in general one does not have to group the
photo-sensors into clusters of pixels and paxels. For Portal the two-dimensional
addressing is only adequate as an approximation. In general, we identify each
photo-sensor with a light-field-cell (lixel) and address those in a one-dimensional
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scheme. For Portal, the number of lixels is
K = M ×N, (8.1)
and the address of the lixel is composed as
k = m+ n×M (8.2)
such that in turn the addresses of the pixel and paxel are
n = floor(k/M) (8.3)
m = k − n×M. (8.4)
The one-dimensional addressing is more natural when we describe advanced re-
constructions such as tomography or the refocusing of images in post, while the
two-dimensional addressing can be more accessible for the very basic imaging
and areal sampling without corrections of the shortcomings introduced by real
optical components. The naive two-dimensional addressing of lixels can be more
accessible because it allows to identify parts of the hardware as ’pixels’ as it is
often done in Cherenkov-telescopes. However, prepare to break with this estab-
lished mindset because otherwise we can not overcome aberrations in Chapter 10,
compensate misalignments in Chapter 11, or refocus images in post in Section
9.4.
8.2 Approximating lixels using rays
To interpret the photon-intensity recorded by a photo-sensor in the plenoscope,
we have to know which part of the light-field is sampled by this photo-sensor. We
have to know the light-field-cell (lixel) to each photo-sensor. We use the ray ~rk(λ)
from Equation 2.1 to approximate how photo-sensor k samples the light-field.
This is an approximation because a ray only samples a singular incident-direction
and a singular support-position. But actual photo-sensors always sample an ex-
tended region of incident-directions and an extended region of support-positions.
For Portal we estimate the rays ~r0(λ) to ~rK−1(λ) in a computer-simulation, where
we throw many photons into the plenoscope. We randomly draw the support-
position of each photon on the principal-aperture-plane, and we randomly draw
the incident-direction of each photon. All the photons are emitted so that they
would travel the same distance before they intersect the principal-aperture-plane.
When the photon is absorbed by a photo-sensor, we append the geometry of the
trajectory of the photon to the according photo-sensor. Finally we approximate
the light-field-geometry of each individual photo-sensor with the 12 properties
shown in Table 8.1. Here we estimate the ray ~rk(λ) using the mean support-
positions x, y and the mean incident-direction cx, cy of all photons which are
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mean uncertainty
Support-position in x x σx
Support-position in y y σy
Incident-direction in x cx σcx
Incident-direction in y cy σcy
arrival-time-delay (w.r.t. principal-aperture-plane) tpap σtpap
Collection-efficiency η ση
Table 8.1: Light-field-geometry of a single photo-sensor in the plenoscope approx-
imated using 12 values.
detected by photo-sensor k. To describe the lixels in more detail, higher order
statistics of the photons detected by a photo-sensor k might be used such as the
uncertainties listed in Table 8.1. Here the collection-efficiency η is proportional
to the ratio of the number of all the photons that got thrown to the number of all
the photons that got absorbed in the photo-sensor. Now we can use the resulting
table
G =

x0 y0 cx0 cy0 tpap0 η0
x1 y1 cx1 cy1 tpap1 η1
...
...
...
...
...
...
xK−1 yK−1 cxK−1 cyK−1 tpapK−1 ηK−1
 (8.5)
of all the K photo-sensors to approximate the light-field-geometry of the pleno-
scope. The first four columns of G define the support-positions and incident-
directions of the rays in Equation 2.1. So we can also think of
G =

~r0(λ) tpap0 η0
~r1(λ) tpap1 η1
...
...
...
~rK−1(λ) tpapK−1 ηK−1
 (8.6)
as a table of rays, arrival-time-delays, and collection-efficiencies for all the K
lixels in the plenoscope. The light-field-geometry G allows us to calibrate the
responses of the plenoscope to abstract away from the optics, so that we only
need to think about photons arriving on the flat surface of the principal-aperture-
plane. Figure 8.1 shows how we can think of the calibrated light-field-sequence
L. All our further interpretation of the light-field-sequence L are based on the
mindset presented by the Equation 8.6, and Figure 8.1.
8.3 Isochronous imaging
We defined the light-field-geometry G with respect to the principal-aperture-
plane. However, if one intends to calculate classic image-sequences I from the
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Figure 8.1: The photons in the light-field-sequence L. Black dots are photons with
arrows indicating their direction of motion along their dashed trajectories. The
calibration of the plenoscope abstracts away all the quirks of the large imaging-
reflector, the lenses, the small cameras and the photo-sensors. What is left are
single photons traveling along rays with respect to the principal-aperture-plane.
Note that photon 1 and photon 2 occupy the same ray k1 = k2, but at different
positions because of their different arrival-times tpap1 6= tpap2. Here c is the speed
of light.
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recorded light-field-sequence L, the arrival-time-delays tpap must not be used for
calibration. One can use no arrival-time-delays and just use the raw recorded
arrival-times traw to get a good timing resolution for imaging. This is because
the coarse surface of Portal’s large imaging-reflector follows a parabola. How-
ever, a parabola can only do good isochronous imaging in the central part of the
image, but the plenoscope can do better. The plenoscope can synthesize the per-
fect isochronous image in post for the entire field-of-view. Isochronous imaging
means that incoming light-fronts, where the photons travel together in a plane
perpendicular to their direction of motion, will arrive in the same pixel at the
same moment. Figure 8.12 shows the path-length-delays which are added to the
calibration used for the principal-aperture-plane. The Figures 8.8 and 8.9 show
the time-delays timg which are added to the raw arrival-times traw in order to
obtain perfect isochronous images.
8.4 Light-field-geometry of Portal
We visualize the light-field-geometry of Portal when the large imaging-reflector
and the light-field-sensor of Portal are both in their target-geometry with respect
to each other. We propagate 109 photons to estimate Portal’s light-field-geometry.
In Figure 8.2 we find the magnitude of the spread in incident-directions versus
the magnitude of the incident-directions. This is an inverse representation of
the point-spread-function discussed on telescopes. As expected from the large
imaging-reflector, the inner region has a smaller spread in incident-directions.
The finite aperture of the small cameras in the light-field-sensor alone is expected
to induce a spread in the order 1 of ≈ 0.02◦. Even in the outer region of the
field-of-view, the spread in incident-directions is below the spacing of the small
cameras.
The Figures 8.3 to 8.11 show the arrangement of the photo-sensors inside the
12.1 m diameter light-field-sensor of Portal. We draw each photo-sensor as a small
hexagon and color it according to its value. We also show close-ups of the same
sensor-plane in order to see the structures inside the small cameras. Compare the
arrangement of the photo-sensors with Figure 5.11, and 7.3.
Figure 8.3 shows the incident-directions in both cx, and cy for all photo-sensors.
Same as with an image-sensor in a telescope, the positions of the photo-sensors
on the sensor-plane correspond directly to the incident-directions.
The Figures 8.4 and 8.5 show the support-positions x, and y for all the photo-
sensors. Unlike a telescope, the additional projection provided by the lenses in
the small cameras allow the photo-sensors inside a small camera to sample the
support-positions across the full 71 m aperture of the large imaging-reflector. The
close-ups in the Figures 8.4 and 8.5 show clearly the repeating pattern of the small
1Standard-deviation of a uniform distribution in a limited range: 0.067◦/
√
12.
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Figure 8.2: Histogram of the mean magnitude of the incident-directions versus the
spread magnitude of the incident-directions for all photo-sensors. The darkening
in the histogram goes with the square-root of the number of lixels.
cameras.
Figures 8.6 and 8.7 show the collection-efficiency η of all the photo-sensors. As
can be seen from the close-ups, the central photo-sensors inside a small camera
are less efficient than the outer ones. This is because the central photo-sensor is
partly blocked due to the housing of the light-field-sensor itself. Depending on
the position of the small camera on the sensor-plane, the shadow of the hous-
ing of the light-field-sensor moves accordingly to the opposite direction. Since
the observations of air-showers approach a single photon regime, the recorded
light-field-sequences are always subject to quantization noise. This makes an ap-
plication of the collection-efficiency η difficult or even impossible for the correction
of photon-intensities. However, we use it extensively to speed up the simulations
of Portal when we inject night-sky-background-photons into the light-field-sensor,
see also Section 18.3.
The Figures 8.8 and 8.9 show the time-delays timg of the photo-sensors which are
needed for a perfect isochronous image. The overall spread of the delays is only
≈ 1 ns and thus already sufficient for the observation of air-showers even if we
do not correct for it. Just as one would expect from a telescope with a parabolic
imaging-reflector, the spread in the central part of the sensor-plane is lowest.
The Figures 8.10 and 8.11 show the time-delays tpap of the photo-sensors which
are needed for the principal-aperture-plane.
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Figure 8.3: The photo-sensors colored according to their incident-directions cx
(top) and cy (bottom).
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Figure 8.4: The photo-sensors colored according to their support-position x. Full
sensor-plane on top, close-up at the bottom.
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Figure 8.5: The photo-sensors colored according to their support-position y. Full
sensor-plane on top, close-up at the bottom.
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Figure 8.6: The photo-sensors colored according to their collection-efficiency η.
Full sensor-plane on top, central close-up at the bottom.
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Figure 8.7: Same as Figure 8.6. Close-ups on the left and upper regions of the
the sensor-plane.
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Figure 8.8: The photo-sensors colored according to their arrival-time-delay for
the image-plane timg. Full sensor-plane on top, central close-up at the bottom.
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Figure 8.9: Same as Figure 8.8. Close-ups on left and upper regions of the sensor-
plane.
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Figure 8.10: The photo-sensors colored according to their arrival-time-delay for
the principal-aperture-plane tpap. Full sensor-plane on top, central close-up at
the bottom.
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Figure 8.11: Same as Figure 8.10. Close-ups on left and upper regions of the
sensor-plane.
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Figure 8.12: Time-of-flight offsets for isochronous imaging. Parallel rays carry
photons arriving on the principal-aperture-plane x, y. For isochronous imaging
we add the signed time-of-flight offsets (thick arrows) between the light-front
(dashed-line) and the principal-aperture-plane to the arrival-times of the photons
in pixel (cx , cy).
8.5 Multiple light-field-geometries on Portal
Since in Portal the geometry between the large imaging-reflector and the light-
field-sensor might not be fix during all time, the light-field-geometry for Portal
depends on the actual geometry between the two. This is a trade-off that we have
to do in order to build a large 71 m imaging-reflector with a decoupled light-field-
sensor. During the observations with Portal, the cable-robot-mount will always
try to bring the large imaging-reflector and the light-field-sensor into their desired
target geometry Tˆtarget. However, small deviations from the desired target geome-
try Tˆtarget, which the cable-robot-mount can not correct for fast enough, might oc-
cur. The reason for such fast deviations might be wind-gusts. The actual geome-
try Tˆactual between the large imaging-reflector and the light-field-sensor is recorded
during the observations so that dedicated light-field-geometries G(Tˆactual) can be
applied accordingly. We describe Tˆ with the homogeneous transformation from
the large imaging-reflector’s frame into the light-field-sensor’s frame.
8.6 Conclusion
The light-field-geometry is a powerful tool to describe and simulate any optical
instrument sensing photons. The light-field-geometry allows us to mentally de-
couple the implementation-details of an instrument from its actual perception.
With the light-field-geometry we can abstract away all the quirks and features
of Portal’s large imaging-reflector, and its lenses in the light-field-sensor. All
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these quirks and features are taken care of in the light-field-geometry. The light-
field-geometry allows us to focus on what actually matters: Individual photons
traveling along their trajectories in a three-dimensional space, see Figure 8.1.
Having the light-field-geometry of an instrument is enough to estimate the re-
sponse of that instrument for a given light-field-input. And the other way around,
when we have the response and the light-field-geometry of an instrument, we can
reconstruct the light-field which the instrument observed.
Together with the operations formulated in Chapter 9, the light-field-geometry
allows us to overcome aberrations, see Chapter 10, and to compensate misalign-
ments, see Chapter 11.
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Chapter 9
Interpreting the
light-field-sequence
The light-field-sequence L of the plenoscope can be approached in various ways
to reconstruct the air-shower in order to learn about the cosmic particle. Here we
demonstrate the methods we have investigated so far. First, we show three differ-
ent representations of the light-field-sequence L. Second, we demonstrate imag-
ing, areal-sampling, refocused imaging, synthetic apertures, light-fronts. Three-
dimensional tomography we discuss separately in Chapter 15.
9.1 Representing the light-field-sequence
There are different ways to represent the light-field-sequence L. We use three
different representations. Each representation has certain advantages. Our three
representations can be converted into each other without loss.
Lixel-time-histogram
First, we represent the light-field-sequence as a two-dimensional histogram
L[k, t] =

i0, 0 i0, 1 i0, 2 . . . i0, T−1
i1, 0 i1, 1 i1, 2 . . . i1, T−1
...
...
...
. . .
...
iK−1, 0 iK−1, 1 iK−1, 2 . . . iK−1, T−1
 (9.1)
which we call lixel-time-histogram. The columns correspond to the K lixels in
the plenoscope, and the rows correspond to the T time-cells. Each entry ik, t is
the intensity of photons which arrived in lixel k at time-cell t. On Portal the
shape of L[k, t] is ((K = 515, 023)× (T = 100)). Portal uses T = 100 time-cells
of 500 ps duration each. Usually the population of L[k, t] is very sparse.
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Pixel-paxel-time-histogram
For the specific design of Portal, the two-dimensional histogram L[k, t] can also
be written as a three-dimensional histogram L[n, m, t], where the lixels k are
addressed using the pixels n, and paxelsm which they approximatively correspond
to, see section 8.1.
L[n, m , t] =


i0, 0, 0 i0, 1, 0 . . . i0,M−1, 0
i1, 0, 0 i1, 1, 0 . . . i1,M−1, 0
...
...
. . .
...
iN−1, 0, 0 iN−1, 1, 0 . . . iN−1,M−1, 0
 ,

i0, 0, 1 i0, 1, 1 . . . i0,M−1, 1
i1, 0, 1 i1, 1, 1 . . . i1,M−1, 1
...
...
. . .
...
iN−1, 0, 1 iN−1, 1, 1 . . . iN−1,M−1, 1
 ,
...
i0, 0, T−1 i0, 1, T−1 . . . i0,M−1, T−1
i1, 0, T−1 i1, 1, T−1 . . . i1,M−1, T−1
...
...
. . .
...
iN−1, 0, T−1 iN−1, 1, T−1 . . . iN−1,M−1, T−1


(9.2)
When we compute the sum along two of the three axis of the three-dimensional
histogram L[n, m , t], we can directly obtain an image, an areal-sample, or an
intensity-sequence. The Equations 9.3 to 9.9 illustrate the various processing
options of summing up the photon-intensities along certain axes of L[n, m , t].∑
n,m, t
L[n, m, t] → L, Intensity, number of photons (9.3)∑
m, t
L[n, m, t] → L[n], Classic image of telescope (9.4)∑
n, t
L[n, m, t] → L[m], Areal intensity on aperture (9.5)∑
n,m
L[n, m, t] → L[t], Intensity sequence, light-curve (9.6)∑
t
L[n, m, t] → L[n, m], Static light-field (9.7)∑
m
L[n, m, t] → L[n, t], Classic image-sequence, video (9.8)∑
n
L[n, m, t] → L[m, t], Areal intensity-sequence on aperture (9.9)
On Portal the shape of L[n, m , t] is ((N = 8, 443)× (M = 61)× (T = 100)).
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Stream of photons
We can also describe the light-field-sequence L as a stream
L[j] =

k0 , traw0
k1 , traw1
...
...
kJ−1 , trawJ−1
 (9.10)
of all the J photons in it. Here each row in L describes a single photon. The first
column addresses the lixel kj which absorbed the j-th photon, and the second col-
umn is the arrival-time trawj of the j-th photon. The stream of photons is practical
to label individual photons as it is done in the classification of Cherenkov-photons
and night-sky-background-photons. Further, the stream of photons does not as-
sume that lixels are organized hierarchical so that the light-field L[n,m] becomes
a rectangular histogram in n and m. Personally, we mostly ended up using the
stream of photons to represent the light-field-sequence L because of its generality
and efficiency due to its natural zero-suppression.
9.2 Directional sampling – Imaging
The plenoscope can do imaging exactly like a conventional telescope. In the
special case of Portal, we simply sum up the photon-intensities of all lixels which
belong to the same pixel, see Equations 9.4 and 9.8. In words closer to the
implementation of Portal, we simply sum up the photon-intensities of all photo-
sensors inside of each small camera, see Figure 2.2. Imaging can be described as
a linear-combination
I[n] = Uimaging[n, k] · L[k] (9.11)
of the photon-intensities in the light-field. Photon-intensities from several lixels
k in L[k] are added up in a particular pixel n in the image I[n]. This linear-
combination can be described using the imaging-matrix
Uimaging[n, k] =

u0, 0 u0, 1 . . . u0,K−1
u1, 0 u1, 1 . . . u1,K−1
...
...
. . .
...
uN−1, 0 uN−1, 1 . . . uN−1,K−1
 . (9.12)
Each matrix-element un′, k′ describes how much of the photon-intensity from the
lixel k′ in the light-field L[k] is added up into the pixel n′ in the image I[n]. In
the special case of Portal, we can compute the matrix-elements using Equation
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Figure 9.1: Close-up on the sensor-plane of Portal. Black photo-sensors (lixels)
are summed up to synthesize the central pixel (n = 4, 221) in the image. Black
is a weight of 1, and white is a weight of 0.
8.3
un, k =
{
1 if n = floor(k/M)
0 else
. (9.13)
Figure 9.1 visualizes the matrix-elements on Portal to synthesize the central pixel
n = 4, 221 in the image. In general, the matrix-elements in Uimaging[n, k] can be
computed using the light-field-geometry G. We can compute the matrix-elements
of Uimaging[n, k] using the angular distances between the incident-directions of the
pixels n in I[n] and a lixel k in G.
un, k =
{
1 if
√
(cxn − cxk)2 + (cyn − cyk)2 ≤ cpixel-radius
0 else
(9.14)
where cpixel-radius is e.g. the angular radius of a pixel in the image I[n]. The matrix-
elements do not need to be strictly binary (0 or 1) as shown in the Equations
9.13, and 9.14. The weights can depend on the distances between the incident-
directions, or on the integrated overlap between pixels to reduce aliasing. The
Figures 6.4, 6.8, 6.12, 6.16, and 6.20 show images projected from Portal’s light-
field using Equation 9.13.
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9.3 Areal-sampling
The plenoscope can do areal-sampling of the photon-intensities on ground similar
to the modified solar-concentrators for dense areal-sampling presented in Sec-
tion 19.2. An areal-sample is the photon-intensity-histogram along the support-
positions x, and y on the principal-aperture-plane. With the special design of Por-
tal, we just sum the light-field-sequence L[n, m, t] according to the Equations 9.5,
or 9.9. In general, areal-sampling can also be formulated as a linear-combination
A[m] = Uareal[m, k] · L[k] (9.15)
similar to Equation 9.11. Here A[m] is the one-dimensional photon-intensity-
histogram along the m paxels on the principal-aperture-plane, and
Uareal[m, k] =

u0, 0 u0, 1 . . . u0,K−1
u1, 0 u1, 1 . . . u1,K−1
...
...
. . .
...
uM−1, 0 uM−1, 1 . . . uM−1,K−1
 (9.16)
is the areal-sampling-matrix. The matrix-element um′, k′ expresses how much of
the photon-intensity of lixel k′ from L[k], goes into paxel m′ in A[m]. In the
special case of Portal, the matrix-elements
um, k =
{
1 if m = k − floor(k/M)×M
0 else
(9.17)
are calculated using the Equations 8.3, and 8.4. Figure 9.2 shows the matrix-
elements for the particular row Uareal[m = 54, k] in the special case of Portal. In
words close to Portal’s implementation, we sum up the intensities of each m-th
photo-sensors in all small cameras, compare Figure 2.3. In general, the weights
um, k =
{
1 if
√
(xm − xk)2 + (ym − yk)2 ≤ dpaxel-radius
0 else
(9.18)
can be estimated using the distance between the support-position of paxel m in
A and the support-position of lixel k in the light-field-geometry G. The radius of
the paxels dpaxel-radius can be used as a threshold here.
9.4 Refocusing images in post
The plenoscope can project its light-field onto images which are refocused to
different object-distances in post, this means after the light-field was recorded.
In Chapter 6 we demonstrate such refocused images on the example of the Portal
Cherenkov-plenoscope, see the Figures 6.7, 6.11, 6.15, 6.19, and 6.23. Here we
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Figure 9.2: Close-up on the sensor-plane of Portal. Black photo-sensors (lixels)
are summed up to synthesize a single paxel (m = 54) on the principal-aperture-
plane. Black is a weight of 1, and white is a weight of 0.
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Figure 9.3: A ray ~r(λ)k is reflected on the principal-aperture-plane at the bottom
of the figure. We call the reflected ray ~ρ(λ)k the image-ray. Both rays share the
same support-position ~sk.
present a geometric description for refocusing in post which is motivated by [Ng
et al., 2005] and Figure 6.2. First, we discuss the trajectories of the photons after
they passed the principal-aperture-plane and call those trajectories image-rays.
Second, we use the image-rays and their intersections with virtual sensor-planes
to formulate a projection of the light-field onto images focused to different object-
distances.
Image-rays
Image-rays describe the trajectories of the photons after those have passed the
principal-aperture-plane, see Figure 9.3. In Figure 6.2, the image-rays are defined
by their support-positions on the principal-aperture-plane a, a′, and a′′ together
with their absorption-positions on the sensor-plane i, i′, and i′′. Every ray ~r(λ)k
according to Equation 2.1 has a corresponding image-ray
~ρ(λ)k = ~sk + λ
~δk
|~δk|2
. (9.19)
Both rays ~r(λ)k, and ~ρ(λ)k share the same support-vector
~sk = (xk, yk, 0)
T (9.20)
such that they both intersect on the principal-aperture-plane for λ = 0
~r(0)k = ~ρ(0)k. (9.21)
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The direction-vector ~δk of the image-ray ~ρ(λ)k is calculated using the Thin-lens-
equation 6.1 and Figure 6.2. We first calculate where the image-ray would inter-
sect with the focal-plane in focal-distance f of the imaging-system
~bk = f
(− tan(cxk), − tan(cyk), 1)T , (9.22)
and second we calculate the direction-vector
~δk = ~bk − ~sk (9.23)
by subtracting the support-position ~sk from the intersection point~bk in the sensor-
plane.
Refocusing on the plenoscope
We express the refocusing as a projection
Ig[n] = Uimaging(g)[n, k] · L[k] (9.24)
of the light-field onto an image, similar to regular imaging in Equation 9.11.
However, this time the imaging-matrix
Uimaging(g)[n, k] =

u0, 0(g) u0, 1(g) . . . u0,K−1(g)
u1, 0(g) u1, 1(g) . . . u1,K−1(g)
...
...
. . .
...
uN−1, 0(g) uN−1, 1(g) . . . uN−1,K−1(g)
 (9.25)
depends on the object-distance g where we want to focus on. The matrix-elements
un, k(g) are calculated using the k-th image-ray ~ρ(λ)k, and the corresponding x,
and y positions of the n-th pixel on a virtual sensor-plane in image-distance b.
First, we use the Thin-lens-equation and our desired object-distance g to calculate
the image-distance
b =
1
1
f
− 1
g
(9.26)
where of the virtual sensor-plane. Second, we calculate how far
λg =
b
~z · ~δk
(9.27)
we have to travel along the direction-vector ~δk of our image-ray ~ρ(λ)k to intersect
with our virtual-sensor-plane in distance b. Third, we calculate the intersection-
position
~ik,g = ~ρ(λg)k (9.28)
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of the image-ray on the virtual-sensor-plane. Fourth, we compute the position
~pn,g = (xn, yn, b)
T (9.29)
of the n-th pixel in our virtual-sensor-plane. Here xn, and yn correspond to the
x and y positions of the n-th pixel on the sensor-plane. Fifth, we compute the
distance
on,k,g = |~ik,g − ~pn,g|2 (9.30)
between the pixel-position ~pn,g and the intersection-position ~ik,g in the sensor-
plane. Finally, we calculate the matrix-elements
un, k(g) =
{
1 if on,k,g ≤ pixel-radius
0 else
(9.31)
by comparing the distance on,k,g with e.g. the pixel-radius to decide if the k-th
lixel is participating to the photon-intensity in the n-th pixel. In Figure 9.1 we
see a visual representation of the matrix-elements for the n-th pixel in Portal
when we do not refocus. Now we can visualize the matrix-elements for the n-th
pixel in Portal when we refocus in post to different object-distances g, see Figure
9.4. In Portal, the default sensor-distance d is equal to the focal-length f , such
that the default object-distance where Portal focuses on is in g = ∞. 1 Find in
Figure 9.4, that the refocusing to infinity yields exactly the same matrix-elements
we obtain in the case for imaging without refocusing in Figure 9.1.
Figure 9.6 shows the interplay of neighboring pixels in the resulting refocused
image. We color the photo-sensors according to the seven neighboring pixels they
will be added up into in the refocused image. We find that indeed all the photo-
sensors contribute to the resulting refocused images. In the Figures 9.4, 9.5, and
9.6 we find that the patterns of photo-sensors is not perfectly symmetric in all
refocusing scenarios. Due to the binary decision made in Equation 9.31, already
small statistical fluctuations in the estimation of the light-field-geometry G can
cause asymmetric patterns in this first implementation.
9.5 Synthetic apertures
We interpret the plenoscope’s light-field-sequence as a set of multiple image-
sequences observed with an array of telescopes. In Chapter 6 we demonstrate
this on the example of Portal in the Figures 6.5, 6.9, 6.13, 6.17, and 6.21. Arrays
of Cherenkov-telescopes observe gamma-rays successfully and efficiently. Thus
splitting the light-field-sequence into multiple image-sequences might be a first
1In Section 12.6, we discuss possible benefits for the Chrenkov-plenoscope’s trigger when
setting the default object-distance not to infinity, but to the air-shower-maximum.
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Figure 9.4: Continues in Figure 9.5. Part 1 of 2. Black photo-sensors (lixels) are
summed up to synthesize a single pixel focused to different object-distances. The
object-distance focused to is written on the right, where the rays converge. Here
we see the central pixel n = 4, 221 on Portal.
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Figure 9.5: Continuation of Figure 9.4. Part 2 of 2.
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Figure 9.6: Same as Figure 9.4, but including the neighboring pixels. Central,
black pixel id is 4, 221, green is 4, 124, blue is 4, 222 is, red is 4, 220 is, cyan is
4, 125 is, magenta is 4, 317 is, and orange is 4, 318 is.
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step to approach the light-field and the plenoscope. We formulate the synthetic
creation of telescope apertures as a projection of the light-field
Im[n] = Um[n, k] · L[k]. (9.32)
On Portal, we can slice the light-field-sequence L[n, m, t] along its M = 61 paxels
to obtain the M = 61 image-sequences Im[n, t] observed by M = 61 synthetic
telescopes
um
′
n′, k =
{
1 if n′ = n and m′ = m
0 else
. (9.33)
Here we used the Equations 8.3, and 8.4 to compute n, and m from k.
In general we calculate the matrix-elements umn, k based on the support-positions
of the rays defined in the light-field-geometry G. First, we calculate the distance
ok,m =
√
(xk − xm)2 + (yk − ym)2 (9.34)
between the support-position of the k-th ray on the principal-aperture-plane at
xk, yk and the center of the m-th synthesized telescope-aperture xm, ym. Second,
we can compute the matrix-elements
umn′, k =
{
1 if n′ = n and ok,m ≤ rm
0 else
(9.35)
by comparing the distance ok,m with e.g. the radius rm of the m-th synthesized
telescope-aperture. Again we calculate n from k using Equation 8.3. Here we
describe a synthetic aperture with the shape of a disc with a radius rm, but one
might also use other shapes for the synthetic apertures as e.g. hexagons, squares
or triangles. In Chapter 6 we synthesize seven large telescopes by using the mask
in Figure 6.3 and Equation 9.35.
9.6 Light-front
The plenoscope can reconstruct the light-front of the Cherenkov-photons in the
three-dimensional space above its aperture, as it is shown in Figure 8.1. This
might be obvious as the light-front corresponds to our very definition of the light-
field-sequence in Chapter 8 and thus does not need further interpretation, but we
list it here explicitly because it opens up so many possibilities. We use the light-
front in Chapter 14 to reconstruct the incident-direction of very low energetic
1 GeV cosmic gamma-rays.
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Chapter 10
Overcoming aberrations,
enlarging the field-of-view
Real imaging-optics such as lenses or imaging-reflectors suffer from aberrations
which reduce the angular resolution for imaging. The plenoscope can overcome
these aberrations when they originate from the aperture of the imaging-optics
being extended [Hanrahan and Ng, 2006]. On a perfect imaging-optics, the
absorption-position of a photon on the sensor-plane only depends on the incident-
direction cx, cy of the photon relative to the optical-axis of the imaging-system.
On real imaging-optics however, the photon’s absorption-position on the sensor-
plane also depends on the support-position x, y where the photon passed the
aperture-plane. This results in pixels to not only collect photons with incident-
directions associated with these pixels, but to also collect photons with different
incident-directions.
Here we will demonstrate how far plenoptic perception can overcome aberrations
on the example of a spherical imaging-reflector. We will briefly inspire the drastic
implications for the enlarging of the field-of-views on e.g. Cherenkov-telescopes
by about one order-of-magnitude.
Overcoming aberrations will turn out to be already included in the light-field-
geometry G introduced in Chapter 8, and is closely related to the compensation of
misalignments between the imaging-reflector and the light-field-sensor discussed
in Chapter 11.
10.1 Using the light-field-geometry
Figure 10.1 shows the four parallel photons D, E, F, and G on a plenoscope.
In Figure 10.1 the imaging-reflector suffers from aberrations, in contrast to the
imaging-reflector shown in Figure 2.2 which is free of aberrations. The aberra-
tions of the imaging-reflector cause the photons D, and G to enter different small
cameras in the light-field-sensor although the four photons D, E, F, and G have all
the same incident-directions. On a classic image-sensor, we can not resolve that
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Figure 10.1: Four photons D, E, F, and G with the same incident-directions
on a plenoscope. In contrast to the imaging-reflector shown in Figure 2.2, here
the imaging-reflector suffers from aberrations. To visualize the slight off-axis
incident-direction, we put a fifth photon in light gray close to the optical-axis of
the imaging-reflector. On the imaging-reflector, short lines at the intersection-
positions of the photons indicate the surface-normal of the imaging-reflector. In
Figure 10.2 we show a close-up of the light-field-sensor.
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Figure 10.2: Close up of the light-field-
sensor shown in Figure 10.1.
Figure 10.3: The light-field-geometry
of the plenoscope shown in the Figures
10.1 and 10.2 visualized in the light-
field-sampling-graph, compare Figure
19.1 Chapter 19.
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the photons D, and G have the same incident-directions as the photons E, and F.
The image is blurred. But with a light-field-sensor shown in Figure 10.1 we can
resolve the true incident-directions of all the photons if we know the light-field-
geometry G of our plenoscope. The light-field-geometry G, which is introduced in
Chapter 8, tells us for each photo-sensor in the light-field-sensor which solid-angle
of incident-directions cx, cy, and which area of support-positions x, y are covered
by this photo-sensor. In the close-up Figure 10.2 we see the two-dimensional
addressing of the photo-sensors in the light-field-sensor. Analog to Figure 2.3,
we see in Figure 10.3 how the photo-sensors sample the light-field. In contrast
to the sampling of the plenoscope free of aberrations in Figure 2.3, here we find
that the sampling of the photo-sensors is not a rectangular grid in the space of
incident-directions and support-positions but a skewed grid instead. The exact
arrangement of the photo-sensors in the space of incident-directions and support-
positions is what is stored in the light-field-geometry G. So the sampling of the
photo-sensors in Figure 10.3 is a visual representation of the light-field-geometry
G for the plenoscope presented in Figure 10.1 which has an imaging-reflector with
aberrations. In Figure 10.3, we find that the photo-sensors (0, 0), (1, 1), (1, 2),
and (2, 3) sample similar incident-directions as they are arranged on a horizontal
line in the space of incident-directions and support-positions. So when we project
the recorded light-field L onto an image using the light-field-geometry G, we ob-
tain an image where the effects of the aberrations from the imaging-reflector are
reduced. The projection can be visualized in Figure 10.3 when the intensity of
the photo-sensors is projected onto the axis of incident-directions. For details on
projecting the light-field onto images see the Sections 9.2 and 9.4.
10.2 Example – spherical imaging-reflector
Spherical imaging-reflectors are one of the simplest to be fabricated. Spher-
ical imaging-reflectors are often used to have large field-of-views [Fors et al.,
2013,Cortina et al., 2016], but like other imaging-reflectors they suffer from aber-
rations. We simulate the imaging on a spherical imaging-reflector which has the
same focal-length/diameter= 1.5 ratio as Portal’s large imaging-reflector. One
after the other, we simulate the exposures of a classic image-sensor and three
different light-field-sensors. The image-sensor and the light-field-sensor have the
same pixel-sizes of 0.067◦. The light-field-sensors only differ in the number of pax-
els they use to segment the principal-aperture-plane. We have light-field-sensors
with 3, 9, and 27 paxels on the diagonal of the aperture. This simulation is in two
dimensions, and assumes that the light-field-sensors are perfect and only limited
by their discrete number of paxels.
Before we reconstruct images from the responses of the different sensors, we
estimate the light-field-geometry of each sensor, even the light-field-geometry
Gspherical imaging-reflector + image-sensor of the classic image-sensor. This makes the
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comparison fair. Now both the image of the classic image-sensor and the im-
ages of the light-field-sensors are corrected for distortions caused by the spherical
imaging-reflector. Distortions are when the absorption-position of a photon on
the sensor-plane is not linear proportional to the incident-direction of the pho-
ton. Distortions can be, and usually are, corrected for when reconstructing im-
ages from image-sensors. The four Figures 10.4, 10.5, 10.6, and 10.7 show the
images reconstructed by both the image-sensor and the light-field-sensors for var-
ious incident-directions. Finally, in Figure 10.8 we summarize our findings and
show how good light-field-sensors can overcome aberrations of spherical imaging-
reflectors.
Description for the Figures 10.4, 10.5, 10.6, and 10.7
Each figure consists of six panels. The two panels at the top show the spherical
imaging-reflector, the optical-axis, the sensor-plane, and the trajectories of the
photons. In the left panel at the top, we find an overview of the setup, and
in the right panel at the top we find a close-up on the sensor-plane. In the
left panel at the top, the close-up is indicated with a black square. Below we
have four panels showing the four one-dimensional images reconstructed by the
four different sensors. The upper most one-dimensional image is from the image-
sensor, the lower ones are from the light-field-sensor with different numbers of
paxels. The four panels showing the one-dimensional images have a vertical,
dashed line to indicate the true incident-direction of the photons.
Discussion
From the reconstructed, one-dimensional images shown in the Figures 10.4, 10.5,
10.6, and 10.7, we find: First, that the spread of the reconstructed incident-
directions of the photons is reduced when we use light-field-sensors instead of
image-sensors. Second, that the spread of the reconstructed incident-directions
of the photons becomes smaller the more paxels are used in the light-field-sensor.
And third, we find that the asymmetry of the reconstructed incident-directions
of the photons is reduced on the light-field-sensors. The binning-artifacts in the
reconstructed images seen in Figure 10.7 do not significantly effect our findings
presented here.
In Figure 10.8, we find that even light-field-sensors with low numbers of pax-
els provide a strong reduction of the effect of aberrations on imaging. From a
geometric point-of-view it is only natural, that when the number of paxels is
increased further, aberrations of imaging-optics are overcome completely. This
might become more clear when we describe the light-field-geometry G with other
words: In the case of the plenoscope composed from an light-field-sensor and an
imaging-reflector, the light-field-geometry G describes the surface-normal of the
aperture, see the small surface-normals indicated in Figure 10.1. So when we
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Figure 10.4: 0.0◦ incident-direction.
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Figure 10.5: 2.3◦ incident-direction.
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Figure 10.6: 4.6◦ incident-direction.
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Figure 10.7: 7.0◦ incident-direction.
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Figure 10.8: The spread of the reconstructed incident-directions of photons ver-
sus the true incident-direction of the photons. The number of paxels here is the
number of paxels on the diagonal of the aperture. For comparison, our Por-
tal Cherenkov-plenoscope has 9 paxels across the diagonal of its large imaging-
reflector.
have more paxels in the light-field-sensor, we have a more dense sampling of the
aperture’s surface-normals, and so we can correct better for aberrations which
originate from these surface-normals.
10.3 Enlarging the field-of-view
In Figure 10.8 we find that the spread of the reconstructed incident-directions
is much reduced and becomes more constant over the range of true incident-
directions when we use light-field-sensors instead of image-sensors. Of course
more detailed studies are needed, but Figure 10.8 suggests that a Cherenkov-
plenoscope could be build with an enormous 16◦ diagonal field-of-view. A 201 deg2
field-of-view would be an improvement of more than one order-of-magnitude over
the field-of-views on todays Cherenkov-telescopes with about 16 deg2, see Figure
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5.12. And it would still be an improvement by a factor of 4 over the planned
Schwarzschild-Couder-Cherenkov-Telescopes which are dedicated for wide field-
of-views [Acharya et al., 2013] and also reach angular resolutions in and below
the 0.1◦ regime.
The bottom-line is that Cherenkov-plenoscopes become interesting independent
of their benefits for observations of low energetic gamma-rays, but because they
can enlarge the field-of-view which we currently can not achieve by other means.
10.4 Upgrading the Cherenkov-telescope
We suggest to equip the Cherenkov-telescope1 with a light-field-sensor not to gain
plenoptic perception, but to improve image-quality. With imaging-reflectors with
diameters below ≈ 23 m, there is not much plenoptic perception-power for air-
showers to be gained anyhow, compare Chapter 6. However, the size of the field-
of-view, the sharpness of the images, and especially the consistency of the images
across the field-of-view would be improved dramatically. In case one fears the
costs for additional read-out-channels in a light-field-sensors, we propose a way to
mutilate the light-field-sensor in order to reduce the number of read-out-channels
to the same number needed for image-sensors, while still profiting from corrections
for imaging provided by plenoptic perception. We can hardwire the light-field-
geometry G into the light-field-sensor to sum up the photo-sensors which belong
to a reconstructed pixel before these photo-sensors are fed into individual read-
out-channels. Projecting the light-field onto an image is about summing up the
correct photo-sensors as we show in the Sections 9.2, and 9.4. To be clear: The
number of individual photo-sensors will increase to the number of lixels, but the
number of read-out-channels for digitization will stay the lower number of pixels.
A Cherenkov-telescope equipped with such a mutilated light-field-sensor would
have the optics of a plenoscope, but the read-out of a telescope. The resulting
Cherenkov-telescope would not record light-fields, but it could record images with
much larger field-of-views, and much reduced aberrations.
10.5 Overcoming aberrations in Portal
The imaging-reflector of Portal is not free of aberrations. We can visualize this
aberrations using the light-field-geometry of Portal. When we describe the projec-
tion of the light-field onto images as a matrix-multiplication, as we do in Section
9.2, we can visualize the columns of the imaging-matrix Uimaging[n, k] just as we
do in Figure 9.1. The aberrations should show up as asymmetric patterns in the
visualizations of the columns of the imaging-matrix Uimaging[n, k]. Now in the
Figures 9.1, 9.4, and 9.5, we hardly see any hint for this asymmetry because the
1In general. This includes all existing and future Cherenkov-telescopes.
141
n cx/deg cy/deg
√
cx2 + cy2/deg x/m y/m
4,221 0.00 0.00 0.0 -0.00 0.00
3,541 0.42 0.42 0.6 -0.79 -0.81
2,779 0.85 0.85 1.2 -1.61 -1.60
2,135 1.27 1.27 1.8 -2.41 -2.41
1,448 1.70 1.70 2.4 -3.22 -3.22
902 2.12 2.12 3.0 -4.01 -4.01
Table 10.1: The six example pixels with indexes n represent various incident-
directions cx, and cy. Here x and y are the average positions of the corresponding
photo-sensors in the photo-sensor-plane, see Figure 10.9.
columns visualized in these figures correspond to the central pixel n = 4, 221 in
the field-of-view. For the central pixel, the aberrations induced by the imaging-
reflector of Portal are only minor. However, aberrations can be seen for the outer
regions in the field-of-view. Here we visualize six of these matrix-columns for six
pixels ranging from the center of the field-of-view at 0.0◦ to the outer perimeter of
the filed-of-view at 3.0◦. We compute the imaging-matrix Uimaging[n, k] according
to Equation 9.14. Table 10.1 shows the incident-directions of the six different
pixels. Figure 10.9 shows the photo-sensors participating to the six pixels on
the photo-sensor-plane of the light-field-sensor in Portal. The Figures 10.9, and
10.10 do not show the point-spread-function of the imaging-reflector, but they
visualize which photo-sensors are summed to synthesize a pixel because their
corresponding lixels have near-by incident-directions as the pixel. Based on the
light-field-geometry for Portal, we can overcome a large part of the aberrations
induced by the large imaging-reflector. In Chapter 11, reconstructed images of a
phantom-source observed with the Portal plenoscope, and a telescope are shown
side-by-side. The reduction of aberrations can be seen in the reconstructed im-
ages recorded by the plenoscope, in contrast to the images reconstructed from
the image-sensor of the telescope.
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Figure 10.9: Black photo-sensors are summed to synthesize the six pixels with
incident-directions 0.0◦, 0.6◦, 1.2◦, 1.8◦, 2.4◦, and 3.0◦. The black boxes indicate
the range of the close-ups shown in Figure 10.10.
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Figure 10.10: Black photo-sensors are summed to synthesize pixels in the image
because their corresponding lixels have incident-directions close to these pixels.
Figure 10.9 shows the summation of all the six different pixels at once. Upper,
left shows 0.0◦, upper, right shows 0.6◦, middle, left shows 1.2◦, middle, right
shows 1.8◦, lower, left shows 2.4◦, and lower, right shows 3.0◦.
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Chapter 11
Compensating misalignments
between the light-field-sensor and
the imaging-reflector
On telescopes, the alignment of the image-sensor with respect to the imaging-
optics has a strong effect on image-quality. Building telescope-mounts and support-
structures which keep the optics aligned becomes an expensive challenge on larger
telescopes. However, if a light-field-sensor is used instead of an image-sensor, and
if the actual alignment of the light-field-sensor with respect to the imaging-optics
is known, the quality of the images reconstructed from the light-field is little to
none effected by misalignments.
Compensating the misalignments of the light-field-sensor is a key-feature of the
Portal Cherenkov-plenoscope. It allows us to mechanically separate the light-
field-sensor from the large imaging-reflector in order to defer the physical limit of
the square-cube-law, and to build larger apertures, see Chapter 16. We show that
the compensation of misalignments is already included in the light-field-geometry
G which we introduce in Chapter 8, and is closely related to the overcoming of
aberrations discussed in Chapter 10.
First, we organize the misalignments into four components and discuss their ef-
fects on imaging. Second, we show how the light-field-geometry G can be used
to compensate such misalignments. And third, we simulate the imaging of the
Portal Cherenkov-plenoscope and a same sized Cherenkov-telescope when both
observe a three-dimensional phantom-source located up in the atmosphere while
the sensor-planes of both the telescope and the plenoscope are misaligned in var-
ious ways.
11.1 Organizing components of misalignments
We organize the misalignments between the sensor-plane and the imaging-optics
into four components listed below. We use the frame of the imaging-optics as a
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Figure 11.1: Translations parallel to the optical-axis. The photons ea, ea′, and ea′′
only converge in a single point on the image-sensor when the sensor-plane-distance
d is equal to the image-distance b. But when the image-sensor is translated away
from its target-position, the absorption-positions i, i′, and i′′ do not converge and
the image of e is blurred.
reference, and translate and rotate only the image-sensor.
Translations parallel to the optical-axis
When we translate the sensor-plane parallel to the optical-axis of the imaging-
optics, see Figure 11.1, we change the sensor-plane-distance d introduced with
the thin-lens in Figure 6.2. A parallel translation corresponds to focusing the
image to different object-distances. On Cherenkov-telescopes we have to choose
one optimal object-distance to focus on [Hofmann, 2001, Trichard et al., 2015]
before the image of the air-shower is recorded. On image-senors, we can not
correct for parallel translations, not even when we know the actual parallel trans-
lation. Image-sensors do not measure the trajectories ia, i′a′, and i′′a′′, but only
the absorption-positions i, i′, and i′′. However, light-field-sensors on the other
hand do measure the trajectories ia, i′a′, and i′′a′′ and thus can reconstruct the
intersection-positions of such trajectories on a virtual sensor-plane to restore the
image. We discuss the restoring of images focused to any object-distance in Sec-
tion 9.4.
We estimate the acceptable tolerances for parallel translations before the effect
shows up in the reconstructed images for a Cherenkov-telescope of the same size as
the Portal Cherenkov-plenoscope. When we target to focus on an object-distance
gtarget = 10.0 km, our target-sensor-plane-distance is dtarget = 107.64 m according
to the Thin-lens-equation 6.1. According to the Depth-of-field-equation 6.2 the
depth-of-field spans from g− = 9.18 km to g+ = 10.8 km. The corresponding
sensor-plane-distances to focus exactly on the start and end of the depth-of-field
are d− = 107.75 m, and d+ = 107.56 m respectively. We identify the difference
between our targeted sensor-plane-distance dtarget and the sensor-plane-distances
which would move our focus beyond our depth-of-field d± as the acceptable tol-
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Figure 11.2: Translations perpendicular to the optical-axis. The photons ea,
ea′, and ea′′ will still converge in the absorption-points i = i′ = i′′. Although the
photons enter different photo-sensors when the image-sensor is translated perpen-
dicular to the optical-axis, they still can be assigned to the pixel corresponding
to their incident-directions.
erance for parallel translations
∆trans‖ = dtarget − d± (11.1)
d± =
1
1
f
− 1
g±
. (11.2)
The sensor-plane must not be translated further than +104 mm and −88 mm
parallel to the optical-axis before the image differs recognizably. In units of the
focal-length this tolerance is 8.5× 10−4 f .
Translations perpendicular to the optical-axis
When we translate the sensor-plane perpendicular to the optical-axis of the
imaging-optics, see Figure 11.2, the image will simply show a different region
of incident-directions. As long as the actual perpendicular translation is known,
and the field-of-view is large enough so that our region-of-interest does not drop
out of it, then translations perpendicular to the optical-axis do not effect the
image-quality. On real imaging-optics unfortunately, distortions and aberrations
dilute the angular resolution the larger the incident-direction of the photons be-
comes. So on real telescopes, we expect that translations perpendicular to the
optical-axis have an effect on the image-quality which becomes larger, the larger
the perpendicular translation becomes. However, with light-field-sensors on the
other hand we can even compensate the increasing aberrations of the imaging-
optics, see Chapter 10, so that the quality of the images reconstructed from
light-field-sensors is not effected by perpendicular translations.
If we would not correct for perpendicular translations, a Cherenkov-telescope of
the same size of Portal could tolerate perpendicular translations up to about the
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Figure 11.3: Rotations parallel to the optical-axis. All photons coming from e
still converge in one absorption-position i = i′ = i′′. Just as for perpendicular
translations, shown in Figure 11.2, the photons might be absorbed by a different
photo-sensor now, but they still can be assigned to the pixel corresponding to
their incident-directions.
extend p of the projection of a pixel onto the sensor-plane
∆trans⊥ = ±
p
2
, (11.3)
which gives ∆trans⊥ ≈ ±63 mm, and is related to ∆trans‖ by a factor of f/D. In
units of the focal-length, this tolerance is 5.8× 10−4 f .
Rotations parallel to the optical-axis
When we rotate the image-sensor parallel to the optical-axis of the imaging-optics,
see Figure 11.3, we simply end up with an image rotated around its center. We
can fully compensate rotations parallel to the optical-axis in post when we know
the actual parallel rotation.
Again we can estimate the tolerance for a parallel rotation angle
∆rot‖ =
∆trans⊥
f tan(θFoV/2)
(11.4)
when we would not correct for it in post. We use the acceptable tolerance for
perpendicular translations ∆trans⊥ and divide it by the radius of the sensor-plane.
For the example of the Cherenkov-telescope of the same size as Portal we get
∆rot‖ = 0.59
◦.
Rotations perpendicular to the optical-axis
When we rotate the sensor-plane perpendicular to the optical-axis of the imaging-
optics, one region on the sensor-plane will be closer to the imaging-optics than the
opposite region on the sensor-plane, see Figure 11.4. The two regions effectively
have different sensor-plane-distances, what corresponds to the two regions being
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Figure 11.4: Rotations perpendicular to the optical-axis. The absorption-
positions i, i′, and i′′ are effected in a similar way as shown in the component for
parallel translations, see Figure 11.1.
focused to different object-distances. So we expect similar effects on the image-
quality as for translations parallel to the optical-axis, but more complicated since
the image is not evenly out-of-focus, but differently for different regions. Just
as for the parallel translations, on image-sensors we can not compensate the
effects of this perpendicular rotations in post, not even when we know the actual
perpendicular rotation. Again, this is because an image-sensor does not measure
the trajectories ia, i′a′, and i′′a′′, but only the absorption-positions i, i′, and i′′.
For the same argument we pointed out for parallel translations, a light-field-sensor
can compensate perpendicular rotations when the rotation is known.
We can estimate the tolerance for perpendicular rotation angles
∆rot⊥ =
∆trans‖
f tan(θFoV/2)
(11.5)
based on the tolerance for parallel translations ∆trans‖ and the radius of the sensor-
plane. This gives us a tolerance for perpendicular rotations of ±0.83◦ for a
Cherenkov-telescope with the size of Portal before the image differs recognizably.
Summarizing misalignment-components
Based on the Figures 11.1, 11.2, 11.3, and 11.4, we summarize our findings in
Table 11.1. However, Table 11.1 addresses perfect light-field-sensors. As we will
see next, real light-field-sensors are limited in resolution or in the acceptance-
angles for incoming photons.
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misalignment- acceptable tolerances can be compensated on:
component without compensation image-sensor light-field-sensor
∆trans‖ = −88 mm to +104 mm No Yes
∆trans⊥ = ±63 mm Yes, partly Yes
∆rot‖ = ±0.59◦ Yes Yes
∆rot⊥ = ±0.83◦ No Yes
Table 11.1: Summary of the four misalignment-components. The acceptable
tolerances are estimated for a Cherenkov-telescope with the size of Portal. The
restriction ’partly’ here refers to aberrations caused by real imaging-optics.
11.2 Using the light-field-geometry
Figure 11.5 shows a plenoscope observing the three photons A, B, and C while
its light-field-sensor is misaligned with respect to the imaging-reflector. Despite
the misalignment, the three photons are absorbed by the photo-sensors inside the
light-field-sensor, see Figure 11.6. When we know the actual alignment Tˆactual
between the light-field-sensor and the imaging-reflector, we can estimate the spe-
cific light-field-geometry G(Tˆactual) for the whole misaligned plenoscope, see Fig-
ure 11.7. Although the photons A, and C have the same incident-directions, they
enter different small cameras in the light-field-sensor. But using the actual light-
field-geometry G(Tˆactual), we can still reconstruct the actual incident-directions
of A, and C. In the Figures 11.6, and 11.7 we also show the target-alignment
Tˆtarget of the light-field-sensor in light gray. We find that in Figure 11.7, the black
Photons A, B, and C which are detected by the misaligned light-field-sensor are
close to their light gray counterparts which are detected by the light-field-sensor
in its target-alignment.
From our thoughts summarized in Table 11.1, we already concluded that the su-
perior knowledge of the light-field-sensor about the trajectories of the photons
will allow it to compensate misalignments. In Figure 11.7 we see how this su-
perior knowledge shows up as a distortion of the light-field-geometry G(Tˆactual).
But from the plenoscope shown in the Figures 11.5, and 11.6 we also see that real
light-field-sensors have limited resolutions. They have a limited number of small
cameras, and a limited number of photo-sensors inside the small cameras. In the
next Section 11.3 we take a look at the actual compensation-power for misalign-
ments on the Portal Cherenkov-plenoscope which has such limited resolutions as
it is meant to be fabricated in a cost-effective way.
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Figure 11.5: The same three photons A, B, and C from Figure 2.2, but this time
the light-field-sensor is misaligned in Tˆactual with respect to the imaging-reflector.
In bright gray we indicate the target-alignment Tˆtarget of the light-field-sensor.
Figure 11.6 shows a close-up of the light-field-sensor.
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Figure 11.6: Close-up of Figure 11.5. Figure
11.7 shows the resulting light-field-geometry
G(Tˆactual).
Figure 11.7: A visual represen-
tation of the light-field-geometry
G(Tˆactual) corresponding to the
misalignment Tˆactual shown in
Figures 11.5, and 11.6.
11.3 Imaging a phantom-source with Portal
To get a qualitative feeling for the effects of misalignments on imaging, and to
get a qualitative feeling for the compensation-power for misalignments of Portal’s
light-field-sensor, we reconstruct images of a phantom-source. The phantom-
source has a well defined shape in the three-dimensional space, and is described in
the Figures 11.8, and 11.9. The phantom-source extends from an object-distance
of 2.5 km up to 20.0 km, and all its photons reach the principal-aperture-plane in a
1 ns time-window, similar to Cherenkov-photons produced in air-showers. There
are no night-sky-background-photons, but only the photons from the phantom-
source. In our simulation we set up the Portal Cherenkov-plenoscope and a
Cherenkov-telescope of the same size as Portal. The plenoscope records a light-
field-sequence over a period of 50 ns, and the telescope records an image-sequence
also over a period of 50 ns. Both instruments take 2 × 109 samples per second.
However, for the static flash of photons from the phantom-source we just look
at the integrated light-field and image respectively. Both instruments have their
sensor-plane-distances set to dtarget = 107.65 m to focus to an object-distance of
gtarget = 10 km. The images reconstructed from the telescope are corrected as
much as possible for the given situation, e.g. they are corrected for perpendicular
translations, parallel rotations, and distortions caused by the imaging-reflector.
The images reconstructed from the light-field from the plenoscope are in addition
also corrected for the remaining components of misalignments such as parallel
translations and perpendicular rotations. One might argue that with a target
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object-distance of gtarget = 10 km, the Cherenkov-telescope can never produce
a fully sharp image of any layer in the phantom-source, since there is no layer
exactly at this object-distance, and thus a side-by-side comparison of the telescope
and the plenoscope is not fair. Yes, it is not fair, but not because we designed the
phantom-source this way, but because the plenoscope is the superior instrument.
The purpose of these instruments is to record air-showers, and just as air-showers,
our phantom-source spans a wide range of object-distances which simply exceeds
the depth-of-field of a Cherenkov-telescope of the size of Portal, see Chapter 6.
Focuses on different object-distances of the air-shower offer different advantages
for the reconstruction of different properties of the air-shower [Hofmann, 2001],
and thus any focus chosen on a Cherenkov-telescope of the size of Portal ends up
to be an inferior compromise. Actually some of the misalignments will by chance
even improve the imaging on the telescope.
What we expect to see in the images
1. We expect the images reconstructed from the light-field recorded by the
plenoscope to always look the same regardless of the actual scenario of
misalignment of the light-field-sensor.
2. We expect the plenoscope to be able to project its light-field onto images
focused to different object-distances to e.g. find the sharpest response for
the spiral, the sun-symbol, and the smiley in the phantom-source.
3. We expect the images from the telescope to be only one single image for
each scenario of misalignment, and not multiple images taken with different
focuses. This might be obvious, but we want to remind ourselves that like
the plenoscope, the telescope has only one single chance to record the air-
shower. The telescope has to choose one focus which it can not optimize in
advance for the individual air-shower.
Scenarios of misalignments
We set up four different scenarios of misalignments, see Table 11.2. First, we
look at images of the phantom-source when the light-field-sensor is in its target-
alignment for an object-distance of 10 km. Second, we look at images taken with
three different perpendicular rotations of up to 8.31◦. Third, we look at im-
ages taken with four different parallel translations from −877 mm to +1, 035 mm.
And fourth, we look at images taken when all components of misalignment come
together.
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/mm /mm /deg /deg Figures
0 0 0 0 11.10, 11.11, 11.12
0 0 0 2.70 11.13
0 0 0 5.54 11.14
0 0 0 8.31 11.15
-877 0 0 0 11.16
-240 0 0 0 11.17
+398 0 0 0 11.18
+1,035 0 0 0 11.19
+1,200 800 17.00 8.00 11.20
Table 11.2: Overview of the simulated scenarios of misalignments. The magnitude
of the misalignments is up to one order-of-magnitude above the acceptable tol-
erances listed in Table 11.1. We concentrate on the components of misalignment
which can not be compensated by image-sensors.
Description for the Figures 11.10 to 11.20
The Figures 11.10 to 11.20 show images of the phantom-source. The top of the
figure shows the type and magnitude of the misalignment, compare with Table
11.2. The figures are split into two columns. The left column named ’Telescope’,
shows the single image recorded by the Cherenkov-telescope. The right column
named ’Plenoscope’ shows three images projected from the light-field recorded
by the Portal Cherenkov-plenoscope. The three reconstructed images are focused
such that the spiral, the sun-symbol and the smiley are sharp in the image. The
choice of three images here is arbitrary and could always be extended to a more
detailed series of refocused images like the series shown in the Figures 11.11,
and 11.12. Always keep in mind that the images I[cx, cy] we look at are only
incomplete projections of the light-field L[cx, cy, x, y], and that the only reason
for doing so is to allow our limited visual perception to get an impression.
Discussing the reconstructed images
When we look at the images in the right plenoscope-column of the Figures 11.10,
to 11.20, we find that they all look remarkably similar despite the different sce-
narios of strong misalignments. Even misalignments which exceed the acceptable
tolerances for image-sensors by one order-of-magnitude are apparently not an is-
sue for the light-field-sensor in Portal. The spiral, the sun-symbol, and the smiley
can in all scenarios be focused on sharply. Neither the sun-symbol nor the spi-
ral show signs of asymmetries or aberrations, in contrast to the images of the
telescope in the left columns. This is because the images reconstructed from the
light-field are naturally also corrected for aberrations, see Chapter 10. In fact,
the images look so alike that it is hard to belief they were reconstructed from
light-fields recorded in scenarios of different misalignments. But when we take
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a close look on the scenario of strong perpendicular rotations of 8.31◦ along the
y-axis in Figure 11.15, we find that the hexagonal pixels in the images have small
gaps in between them for negative incident-directions in cx, and are compressed
for positive incident-directions in cx. This irregular grid of the pixels is caused
by the rotation of the sensor-plane. Also when we look at the composition of
several misalignments in Figure 11.20, we see that the reconstructed images are
from a light-field recorded during this specific misalignment as we see that the
sun-symbol is not fully included anymore in the field-of-view. Also the grid of
pixels is rotated in Figure 11.20 to compensate the parallel rotation. In all re-
constructed images from the light-field we can see that it is possible to nail the
focus on one particular part of the phantom-source. In all the refocused images
focused on the smiley we can clearly see its mouth and eyes. In all the refocused
images focused on the sun-symbol we can clearly see the flares of the sun-symbol
and even see the gap between the flares and the ring. And in all the refocused
images focused on the spiral, the spiral is evenly glowing, the parts of the spiral
close to the center of the image are as sharp as the parts of the spiral in the outer
realm of the image. There are no signs of aberrations.
Not so for the images of the telescope. All images of the telescope show asymme-
tries in sharpness across the field-of-view. Already in the target-alignment shown
in Figure 11.10, the mouth and the eyes of the smiley are washed out and the
spiral is almost gone. The flares of the sun-symbol are hardly recognizable. Dur-
ing the perpendicular rotation along the y-axis in the Figures 11.13, to 11.15, the
sensor-plane happens to reach sensor-plane-distances which favor the imaging of
the smiley and the sun-symbol.
The bottom-line here is that although the images from the telescope are not com-
pletely useless during misalignments, the images reconstructed from the light-
field of the plenoscope simply nail the focus in every scenario. However, the
serious argument for the plenoscope is not that its images are sharper, but the
fact that we can reconstruct the object-distances of the individual parts of the
phantom-source. Equation 9.26 states, that for any sensor-plane-distance of a
virtual sensor-plane there is a corresponding object-distance. The plenoscope
can reconstruct the phantom-source in the third dimension, a dimension which is
beyond the perception of the telescope. We discuss the full potential for three-
dimensional reconstructions in Chapter 15 about tomography.
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Figure 11.8: The phantom-source in three dimen-
sions consists of a triangle-wire, a spiral-wire,
and a sun-symbol-wire. The wires emit pho-
tons. At the bottom is the principal-aperture-
plane of the imaging-reflector. The symbols scale
with with the object-distance they are located in.
This way, they appear with similar sizes in the
images. Note, the axis of the object-distance is
compressed, and not to scale.
Figure 11.9: The symbols
are located in different object-
distances above the aperture:
gtriangle = 2.5 km
gspiral = 4.2 km
gsun-symbol = 7.1 km
gsmiley = 11.9 km
gcross = 20.0 km
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Target-alignment
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.10: See a detailed series of refocused images from the plenoscope in the
Figures 11.11, and 11.12.
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Figure 11.11: A series of images showing the phantom-source. The images are
projections of the light-field recorded by the Portal Cherenkov-plenoscope. Each
image is focused to a different object-distance g, shown in the lower, left corner
of each image. The series continues in Figure 11.12.
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Figure 11.12: Continuation of Figure 11.11.
159
Rotation perpendicular y-axis 2.77◦
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.13: By chance, the rotation helps the imaging of the smiley and the
sun-symbol on the telescope.
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Rotation perpendicular y-axis 5.54◦
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.14: Again, the rotation helps with the imaging of the smiley and the
sun-symbol on the telescope, see Figure 11.13.
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Rotation perpendicular y-axis 8.31◦
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.15: Note the tiny white gaps between the pixels on the left half of the
images. The regular grid of pixels is distorted due to the strong rotation.
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Translation parallel −877mm
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.16: Sensor-plane-distance is d = dtarget − 877 mm = 106.77 m, and
corresponds to a focus on an object-distance of 42.2 km.
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Translation parallel −240mm
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.17: Sensor-plane-distance is d = dtarget − 240 mm = 107.41 m, and
corresponds to a focus on an object-distance of 12.6 km.
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Translation parallel +398mm
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.18: Sensor-plane-distance is d = dtarget + 398 mm = 108.04 m, and
corresponds to a focus on an object-distance of 7.5 km.
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Translation parallel +1, 035mm
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.19: Sensor-plane-distance is d = dtarget + 1, 035 mm = 108.68 m, and
corresponds to a focus on an object-distance of 5.3 km.
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+ + + Composition
Telescope Plenoscope
image-sensor light-field-sensor
Figure 11.20: The misalignment moves and rotates the image in the space of
incident-directions cx, and cy. For example, the sun-symbol is not any longer
fully included in the image.
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Chapter 12
Triggering the
Cherenkov-plenoscope
The continuous stream of sensor-responses in a Cherenkov-telescope or pleno-
scope is too large to be analyzed in detail. Limited processing-resources force us
to reject large parts of the observed sensor-responses, and only analyze a small
fraction of it. The logic which decides what parts to reject, and what parts to
analyze is called the trigger. At an expected trigger-rate of ≈ 59 × 103 s−1, and
an exposure time of 50 ns for each event, the trigger on Portal rejects 99.705 %
of the continuously observed light-field-sequence, and copies only 0.295 % of it
to a more permanent-storage for further reconstructions of air-showers, compare
Figure 2.9. A smart, yet simple trigger is crucial for the cost-effective detection
of low energetic cosmic gamma-rays. With current technology we can read-out
all the photo-sensors in real-time, but we can not store the resulting light-field-
sequence for further reconstructions. We can only buffer the light-field-sequence
for a short duration of ≈ 100 ns up to a few 1 us. This is possible because all
the read-out-channels can write to their own, fast but small memory-buffer in
parallel. On Cherenkov-telescopes, there exist digital, and analog implementa-
tions of this memory-buffer. Digital implementations can use flash-analog-to-
digital-converters [Weinstein et al., 2007,Bulian et al., 1998] followed by a digital
memory-buffer. Analog implementations can use e.g. a sequence of sample-and-
hold-circuits1 [Funk et al., 2004,Sitarek et al., 2013], or even a delay-line [Kildea
et al., 2007]. All these implementations permanently overwrite the oldest part of
the recorded image-sequence with the latest one coming from the photo-sensors.
Just as in the Cherenkov-telescope, the trigger in the Cherenkov-plenoscope has
to decide whether the current light-field-sequence inside the memory-buffer con-
tains Cherenkov-photons from an air-shower worthwhile to analyze.
In this Chapter: First, we discuss how established triggers in Cherenkov-telescopes
make their decision based on the density of photons in image-sequences. Sec-
ond, we propose to adopt triggers acting on image-sequences for the Cherenkov-
1Also called domino-ring-sampler [Ritt, 2008], or switched-capacitor-array, or analog-ring-
sampler.
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plenoscope, but we propose to implement multiple of such image-sequences re-
focused to different object-distances. Third, we motivate the trigger-threshold
chosen for the simulations of Portal, and show the performance of the simulated
trigger.
12.1 Triggering Cherenkov-telescopes
Two methods are used to make the trigger in a Cherenkov-telescope more sensi-
tive to air-showers, and less sensitive to fluctuations of the night-sky-background-
photons. First, triggers look for a high density of photons in time. The compact
≈ 10 ns arrival of Cherenkov-photons on ground clearly separates these from
the steady arrival of night-sky-background-photons. Second, triggers look for
spatial patterns in the image-sequences. Cherenkov-photons are likely to pop-
ulate nearby pixels in the image-sequences because their emission-positions in
the air-shower populate a rather compact volume. Both methods are often used
in parallel or in stages to make the final trigger-decision. However, since the
atmospheric Cherenkov-method approaches the regime of single-photons, there
is an additional aspect relevant for the trigger-decision. The observable fluctu-
ations in the arrival of night-sky-background-photons can be large because the
pixels sample only small solid-angles, and integrate only over short periods of
≈ 5 ns. This limitation is known as the Law of Large Numbers [Poisson, 1837].
Because of this, the threshold for the trigger has to be larger then the anticipated
threshold deduced from the average flux of the night-sky-background-photons.
Otherwise the trigger will store too many image-sequences only containing fluc-
tuations of the night-sky-background. The larger the number of photons used
for the trigger-decision becomes, the smaller becomes the relative statistical fluc-
tuation of this number. Therefore, some Cherenkov-telescopes sum up multiple
read-out-channels before comparing the result to a threshold [Delagnes et al.,
2006,Vogler et al., 2011,Garcia et al., 2014]. This is called a sum-trigger. Other
Cherenkov-telescopes do compare the density of photons on individual pixels, but
then demand compact regions of triggered pixels in a second stage [Bulian et al.,
1998, Weinstein et al., 2007, Kildea et al., 2007] to counteract the fluctuation of
the night-sky-background-photons. With these methods, air-showers induced by
lower energetic particles are more likely to be recorded while fluctuations of the
night-sky-background-photons are more likely to be rejected.
12.2 A light-field-trigger for Portal
For this study of the Portal Cherenkov-plenoscope, we adopt aspects of both
trigger-implementations on Cherenkov-telescopes and create a trigger with two
stages. In the first stage, we adopt the summation of the established sum-trigger
to reduce the effect of statistical fluctuations as early as possible. We sum up
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Figure 12.1: The differential flux of night-sky-background-photons. The solid
line is used in the simulations of Portal. We assume that the flux of night-sky-
background-photons at the observatory on Roque de los Muchachos on Canary
island La Palma, Spain is representative for most sites where Portal might be
build. Numerical values of solid line are taken from [Gaug et al., 2013], which
is based on [Benn and Ellison, 1998]. For comparison, the dashed line is taken
from [Preuss et al., 2002].
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Figure 12.2: A possible trigger-pixel for the center of the field-of-view. Focus
is set to infinity. A total of 427 black photo-sensors are summed up to form a
trigger-pixel. Just like Figure 9.1, this is created using Equation 9.31 but with a
wider pixel-radius of 1.1× 0.067◦.
≈ 427 lixels each into large, and overlapping trigger-pixels. These trigger-pixels
form a trigger-image-sequence. The intensity in these trigger-pixels is then inte-
grated continuously over a period of 5 ns where the integral is compared with a
predetermined trigger-threshold.
In a second stage, we adopt the search for coincident patterns and thus de-
mand that at least two neighboring trigger-pixels must exceed their predeter-
mined threshold in order to trigger the read-out.
For this, the light-field-sequence needs to be projected onto an trigger-image-
sequence in real-time. This projection can be written as a matrix-multiplication,
see Equation 9.24 in Sections 9.2, and 9.4. Each trigger-pixel in the resulting
image-sequence is computed from the sum of corresponding lixels (read-out-
channels) in the light-field-sequence. This means, that we can hardwire a real-
time-projection of the light-field-sequence into the housing of the light-field-sensor
itself using e.g. operational amplifiers to sum up the analog output-potentials
of the corresponding photo-sensors. This is for the same reasons as discussed
in Section 10.4. From the implementation point-of-view, the sum-trigger for the
Cherenkov-plenoscope is the same as the sum-trigger for the Cherenkov-telescope.
Both are summing up certain read-out-channels into trigger-pixels. In the sim-
plest case, this summation into a trigger-pixel can look like e.g. the patterns
shown in the Figure 12.2.
A single trigger-pixel thus contains on average 7 × 61 = 427 read-out-channels
(lixels). As we discuss in Chapter 10, the (trigger-)image-sequence has much
reduced aberrations and distortions. In contrast to Cherenkov-telescopes, the
Portal Cherenkov-plenoscope profits from its plenoptic-perception here. To take
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Duration of sliding integration 5 ns
Num. of refocused image-sequences 3
Object-distances of refocused image-sequences 7.5, 15.0, and 22.5 km
Num. of trigger-pixels per trigger-image-sequence 8,443
Num. of lixels summed-up into one trigger-pixel 427
Avg. nsb-photons in time-integrated trigger-pixel 53.5 photons
Threshold for time-integrated trigger-pixel 103 photons
Min. num. of neighboring trigger-pixels above threshold 2
Expected trigger-rate due to air-showers 59× 103 s−1
Expected trigger-rate due to nsb-fluctuations O(22 s−1)
Avg. rate of nsb-photons in lixel 25× 106 s−1
Table 12.1: The basic specifications of Portal’s trigger. Here nsb is short for
night-sky-background. We use the night-sky-background shown in Figure 12.1.
even more advantage of the plenoptic-perception, we actually implement three
layers of summations, creating three (trigger-)image-sequences from one light-
field-sequence in parallel. The individual (trigger-)image-sequences are focused
to object-distances of 7.5 km, 15 km, and 22.5 km each. Figure 12.3 shows the
three different summations implemented for the central trigger-pixel (n = 4, 221)
in the field-of-view. We create trigger-pixels which include all lixels within a ra-
dius of 110%×0.067◦ in incident-directions. Portal’s trigger is able to differentiate
between air-showers which reach their maximum Cherenkov-photon-production
on different altitudes. It partly overcomes the depth-of-field-limit on the trigger-
level. Table 12.1 summarizes the basic specifications of Portal’s trigger.
12.3 Portal’s trigger-threshold
As the rate of air-showers with energies from 1 GeV to 10 GeV is very high, the
expected trigger-rates of ≈ 59× 103 s−1 on Portal will be higher then the trigger-
rates of existing Cherenkov-telescopes, see Figures 2.7, and 2.9. A trigger-rate
of 59 × 103 s−1 on Portal gets close to the limits of todays implementations on
Cherenkov-telescopes [Delagnes et al., 2006] which are designed to reach 100 ×
103 s−1. As a consequence, we apply a rather high trigger-threshold so that in
addition to the trigger-rate induced by air-showers, the trigger-rate induced by
fluctuations in the night-sky-background is low. We set the trigger-threshold such
that there are no accidental triggers caused by the night-sky-background-photons
in all of the ≈ 45 ms of simulated observations in which the trigger is exposed.
From this we conclude that the accidental trigger-rate will not drastically exceed
22 s−1. During the dark night, there are 53.5 photons in a trigger-pixel integrated
over 5 ns. In the simulations of Portal we use the night-sky-background-flux
shown in Figure 12.1. The predetermined threshold for an integrated trigger-
pixel is 103 photons, which is ≈ 6.7 standard-deviations above the fluctuations of
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Figure 12.3: Signals from black photo-sensors (lixels) will be summed up to form
the central trigger-pixel in the field-of-view of Portal.
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Figure 12.4: The trigger-probability for gamma-rays from a point-source versus
the number of true and detected Cherenkov-photons.
the night-sky-background. Figure 12.10 shows Portal’s trigger-rate depending on
the trigger-threshold.
12.4 Performance of Portal’s trigger
In the Figures 12.4, 12.6, and 12.8, we show Portal’s trigger-probability depending
on the number of true and detected Cherenkov-photons. Although both Figures
12.4 and 12.6 show the trigger-probability for electromagnetic air-showers, the
gamma-rays in Figure 12.4 come from a point-source, while the electrons in Figure
12.6 come from a diffuse source. In Figure 12.4 we find that for gamma-rays
coming from a point-source within Portal’s field-of-view, the air-showers which
have≈ 100 of their Cherenkov-photons detected also have a 50% chance to trigger.
We also find that the probability to trigger vanishes for air-showers with only 20
or less Cherenkov-photons. When comparing the trigger-probabilities for diffuse
electrons in Figures 12.6 with the trigger-probability for diffuse protons in Figure
12.8, we find that protons need about twice as much Cherenkov-photons to be
detected in order to trigger Portal. This is probably due to the wider spread of
secondary particles in hadronic air-showers. This wider spread also widens the
spread of the Cherenkov-photons, and this leads to a lower density of Cherenkov-
photons in the trigger-pixels. Because of this, the correlation of the number of
true and detected Cherenkov-photons with the true energy of the cosmic particle
is more clear for gamma-rays in Figure 12.5, and electrons in Figure 12.7, then
for protons in Figure 12.9.
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Figure 12.5: Number of true and detected Cherenkov-photons versus the true
energy of gamma-rays coming from a point-source. The histogram in the upper
panel has the sum along its columns normalized to one. The lower panel shows
the number of events populating the columns in the upper histogram.
Figure 12.6: The trigger-probability for electrons from a diffuse source versus the
number of true and detected Cherenkov-photons.
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Figure 12.7: Number of true and detected Cherenkov-photons versus the true
energy of electrons coming from a diffuse source. The histogram in the upper
panel has the sum along its columns normalized to one. The lower panel shows
the number of events populating the columns in the upper histogram.
Figure 12.8: The trigger-probability for protons from a diffuse source versus the
number of true and detected Cherenkov-photons.
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Figure 12.9: Number of true and detected Cherenkov-photons versus the true
energy of protons coming from a diffuse source. The histogram in the upper
panel has the sum along its columns normalized to one. The lower panel shows
the number of events populating the columns in the upper histogram.
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Figure 12.10: The trigger-rate versus the trigger-threshold for the Portal
Cherenkov-plenoscope. This is often called rate-scan. Based on our simulations.
The solid black line is the sum of triggers caused by fluctuations of the night-sky-
background-photons according the flux shown in Figure 12.1, and charged cosmic-
rays (protons, electrons, and positrons) according to the fluxes shown in Figure
2.7. The dotted line is only the triggers caused by the night-sky-background. For
low trigger-thresholds below ≈ 85 photon-equivalents, our simulation runs out of
statistics which is why the trigger-rate seems to saturate at 2×107 s−1. The verti-
cal gray line marks the trigger-threshold of 103 photo-equivalents which we use for
Portal’s performance-estimate in Section 2.6. The instrument-response-functions
in Figures , 2.4 and 2.5 correspond to a trigger-threshold of 103 photo-equivalents.
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12.5 Conclusion
Our first trigger for the Portal Cherenkov-plenoscope can be implemented with
established technology, and allows Portal to reach an energy-threshold for gamma-
rays of 1 GeV. The sum-trigger for Portal effectively reduces accidental triggers
caused by fluctuations in the night-sky-background. Portal’s trigger makes its
decision based on image-sequences just like the trigger in a Cherenkov-telescope,
but Portal’s trigger profits from reduced aberrations and distortions provided
by the plenoptic-perception. By summing up the responses of individual read-
out-channels (lixels), it is possible to implement the projection of the light-field-
sequence onto image-sequences in real-time. The light-field-sequence can even
be projected onto multiple refocused image-sequences in real-time. Choosing
between multiple layers of refocused image-sequences might allow to correct for
misalignments between the light-field-sensor and the large imaging-reflector in
real-time on the trigger-level. We choose a high trigger-threshold to eliminate
accidental triggers. The lower trigger-rate due to the high trigger-threshold will
ease the trigger’s implementation and also the further processing of the light-
field-sequences.
12.6 On Portal’s target-object-distance
The patterns shown in Figure 12.3 can be improved. In Figure 12.3, the target-
geometry for Portal is such that the sensor-plane of the light-field-sensor is ex-
actly in a distance of one focal-length to the principal-aperture-plane of the large
imaging-reflector. Using Equation 9.12 without the refocusing used in Equation
9.25, this corresponds to a target-object-distance on infinity. However, to opti-
mize the trigger for closer object-distances, the light-field-sensor’s target-position
can be adjusted to the corresponding sensor-plane-distance in the first place. This
way, the summation-patterns shown in Figure 12.3 would be much more dense
in the sensor-plane what probably will ease their implementation. In contrast,
focusing to infinity would yield a much more spread summation-pattern than the
one shown in Figure 12.2.
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Chapter 13
Classifying Cherenkov-photons
About 99.9% of the photons recorded by Portal, are night-sky-background-photons
which do not carry information about the origins of the cosmic particles. It is im-
portant to tell apart Cherenkov-photons from the pool of night-sky-background-
photons. This can only be done based on the structure and density of the photons
in the recorded light-field-sequence. In this first investigation, we fall back to
established methods used on Cherenkov-telescopes where photons are classified
based on their density in image-sequences. This is in the three-dimensional space
of incident-directions cx, cy, and arrival-times t. So we project Portal’s light-
field-sequence L[cx, cy, x, y, t] onto an image-sequence I[cx, cy, t] and then apply
the exact same methods shown in Chapter 26 of Part II in this thesis. The projec-
tion of the light-field is done using Equations 9.24 and 9.31. The only difference
with the Portal Cherenkov-plenoscope is, that we repeat the classification multiple
times for a single light-field-sequence by each time refocusing the image-sequence
to a different object-distance. In the end, we classify all the dense photons found
in all refocused image-sequences to be the Cherenkov-photons using a logical
AND-operation. Probably it will be worth to investigate novel methods in the
future which take the light-field into account more naturally, but for this first
investigation we are pleased with the classification-performance.
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Chapter 14
Estimating the angular resolution
for gamma-rays at 1 GeV
A high angular resolution for cosmic gamma-rays is key for gamma-ray-astronomy.
In this Chapter, we show how we estimate the angular resolution of Portal which
we present in Figure 2.8. In this early estimate of the angular resolution, we
focus on gamma-ray-energies close to the energy-threshold of Portal at 1 GeV,
since those events will be most abundant in the observations. For higher ener-
gies, we argue that Portal will at least reach the angular resolutions reached by
arrays of Cherenkov-telescopes, because the light-field-sequences recorded by Por-
tal can always be interpreted as multiple image-sequences recorded by an array
of Cherenkov-telescopes. Also in this early estimate, we choose to estimate the
incident-direction of cosmic gamma-rays not using images, as it is usually done
on Cherenkov-telescopes, but using the orientation of the Cherenkov-light-front
in the recorded light-field-sequence, compare Figure 8.1. Our intent here is not
to present the best method, but to present a method which makes most use of
the Cherenkov-plenoscope’s novel possibilities.
14.1 Cherenkov-light-front
When the read-out of Portal is triggered, see Chapter 12, Portal records a light-
field-sequence. In this light-field-sequence, we classify Cherenkov-photons and
night-sky-background-photons, see Chapter 13. Next we reconstruct the three-
dimensional movement of the Cherenkov-photons above the principal-aperture-
plane, see Figure 8.1. The position of a photon j on its trajectory, or more
precisely the position of a photon on the ray ~rk(λ = −c(t − tpapj)) describing
the k-th lixel which contains the j-th photon, depends on the global time t.
The rays ~rk(λ) are defined by the light-field-geometry G, see Chapter 8. We
choose t such that the point-cloud of Cherenkov-photons is centered around the
principal-aperture-plane. Figure 14.1 shows the Cherenkov-light-front created by
a gamma-ray and reconstructed by the Portal Cherenkov-plenoscope.
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14.2 Limitations due to timing-resolution
We simulate Portal’s timing-resolution (standard-deviation) for the arrival-time of
single photons to be ∆t ≈ 1 ns according to our findings for the timing-resolution
of todays Cherenkov-telescopes, see Chapter 25 in Part II of this thesis. This finite
timing-resolution sets a limit to the angular resolution for the reconstruction of
a Cherenkov-light-front’s surface-normal. The paxels with the furthest distance
in the Portal Cherenkov-plenoscope have a baseline of L ≈ 65 m. Within the
duration of the timing-resolution, a photon travels a distance of ∆l = c∆t ≈ 0.3 m
along its trajectory. Here c is the speed-of-light. Thus the angular resolution will
be limited to about arctan(∆l/L) = 0.26◦. Although the statistics of many
Cherenkov-photons in the light-front help to improve the angular-resolution, we
find in Figure 14.2 an angular resolution of 0.31◦ which is already close to the
limitations caused by a finite timing-resolution.
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Figure 14.1: The Cherenkov-light-front reconstructed by the Portal Cherenkov-
plenoscope for a gamma-ray with energy 997 MeV, incident-direction cx = 1.87
◦,
cy = −0.28◦, and core-position x = 34 m, and x = −95 m. The same event in
all three images, only the perspective is slightly rotated each time. Each blue
point is a photon recorded by Portal and classified to be a Cherenkov-photon
from within a pool of ≈ 0.5× 106 night-sky-background-photons.
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Figure 14.2: The residual incident-directions of cosmic particles inducing electro-
magnetic air-showers. The true energies of the cosmic particles here is restricted
from 750 MeV to 1, 500 MeV. The true incident-directions of the particles are
diffusely distributed inside and beyond the field-of-view of Portal. A total of 68%
of the reconstructed events are left of the vertical black line at 0.31◦. This vertical
black line marks the 1σ-containment-radius which is shown in Figure 2.8.
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Chapter 15
Reconstructing air-showers using
tomography
To reconstruct the type, energy, and direction of a cosmic particle from the light-
field-sequence we have multiple options. We might perform a feature-generation
similar to the generation of Hillas-features for images [Hillas, 1985] but in higher
dimensions for the light-field. We also might have a look-up-table1 [Le Bohec
et al., 1998] where a recorded light-field is compared to a collection of simu-
lated light-fields for which the cosmic particle’s properties are known. Both these
methods work fine with imaging on Cherenkov-telescopes and are probably a good
starting-point.
However, with the observation-power of the Cherenkov-plenoscope it might be
possible to do particle-physics within the air-showers themselves as individual
jets emerge. For particle-physics, we propose to use tomography to reconstruct
the air-shower itself in three spatial dimensions. From the light-field-sequence,
we already know the three-dimensional trajectories and the arrival-times of the
Cherenkov-photons. But we still do not know the photon’s production-positions.
We try to estimate the Cherenkov-photon’s production-positions using an as-
sumption. We assume that a volume-cell in the atmosphere in which many tra-
jectories of Cherenkov-photons come close to each other, has a high probability to
also contain the production-positions of these Cherenkov-photons. The method
to estimate this probability from a light-field is known as tomography2 [Levoy
et al., 2006].
Here we present our first steps into tomography with the Cherenkov-plenoscope.
15.1 Motivation
The reconstruction of three-dimensional densities from either a stack of refocused
images [McNally et al., 1999], or from a light-field itself [Levoy et al., 2006] is
1Also called ’template-matching’, or ’log-likelihood-fitting’.
2Also called ’focus-stack-deconvolution’, or ’light-field-microscopy’, or ’narrow-angle-
tomography’.
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a well established method in microscopy. In microscopy, the density of light-
emitting structures of biological cells is studied. Biological cells are so small that
their structures appear to be almost transparent when imaged with a microscope.
Often the cells are not shine through with an external light-source, but are made
to shine themselves by fluorescence. In a light-field-mindset, fluorescence-emission
in biological-cells is very similar to Cherenkov-emission in air-showers. In both
scenarios the vast majority of the observed medium is transparent with only small
regions emitting photons. In both scenarios, we are interested in the production-
positions of the photons. In both scenarios, large apertures induce narrow depth-
of-fields. Here large does not mean the absolute size, but the size relative to the
objects to be observed. Microscopy motivates us to investigate tomography for the
Cherenkov-plenoscope. However, there are also differences between fluorescence-
emission and Cherenkov-emission. Most of all, unlike the isotropic emission of
fluorescence-photons, Cherenkov-photons are only emitted in a narrow cone. Also
in Cherenkov-astronomy, we might profit from the measurement of the photons
arrival-times.
15.2 Basic Method
Tomography starts with a light-field-sequence L[cx, cy, x, y, t] recorded by a pleno-
scope, or an array of telescopes3, and a three-dimensional structure inside a three-
dimensional volume which has emitted the photons recorded in L. Now to recon-
struct the three-dimensional structure which has emitted the photons, we have to
relate the light-field-geometry G of our instrument with the volume it is observ-
ing. We divide the three-dimensional volume into densely packed volume-cells,
and we approximate the light-field-cells in G using rays, see Equations 2.1, and
8.6. Figure 15.1 shows a simplified light-field-geometry G approximated with 9
rays facing a volume divided into 4 volume cells. We relate the rays with the
volume-cells by calculating their overlap, and represent it in a matrix
S[v, k] =

0 0 1.1 0 0 0 0 1.0 0
0 0 0 0 1.0 0 0 0 0
0 0 0.6 0 1.0 0 0 0 0
0 0 0.4 0 0 0.5 0 1.0 0
 , (15.1)
which is often called system-matrix in tomography. Here S[v, k] has V = 4 rows
for the volume-cells, and K = 9 columns for the rays. In our representation
S[v, k] contains the Cartesian-distance a ray travels through a given volume-cell,
with the edge of the volume-cell having length 1. From here on, we can follow dif-
ferent methods to reconstruct the volume-cell’s intensities D[v] using the system-
3In tomography this is also called a line-integral, as it represents the intensity integrated
along the light-field-cells which can be approximated by rays.
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Figure 15.1: Basic tomography with rays and volume-cells. Equation 15.1 shows
the corresponding system-matrix.
matrix S[v, k], and the recoded light-field L[k]. Here D[v] is a one-dimensional
vector containing the reconstructed photon-emission-intensity in each of the V
volume-cells, and L[k] is the a one-dimensional vector containing the measured
intensities in each of the K light-field-cells. For the reconstruction of D[v], we first
explored filtered-back-projection, and then went on to iterative methods such as
the (simultaneous)-algebraic-reconstruction-technique [Andersen and Kak, 1984].
Figure 15.4 shows reconstructions using our first implementation of filtered-back-
projection.
For Cherenkov-astronomy it is important to note that, with the exception of
recent advances in positron-emission-tomography [Conti, 2009], established to-
mography in microscopy, biology, and medicine does not take into account the
photon’s time-of-flight. Equation 15.1 does not contain the distance between a
volume-cell and the support-position of a ray on the aperture-plane.
Also, Equation 15.1 is only approximative as the light-field-cells are only approx-
imated using single rays. In the future this can be improved by approximating a
light-field-cell with multiple rays contained in it.
15.3 Portal’s reconstruction-power
Figure 15.2 shows Portal’s three-dimensional reconstruction-power relative to the
atmospheric volume. The atmospheric cube with a volume of 2 × 2 × 20 km3
above Portal is divided into 200 × 200 × 200 volume-cells. Each volume-cell is
10×10×100 m3. The figure shows the number of stereo-baselines in each volume-
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cell. The number of stereo-baselines in a volume-cell is
NBaselines =
1
2
(N2Supports −NSupports) (15.2)
where NSupports is the number of unique support-positions that emit rays into this
volume-cell. For Portal the maximum number of stereo-baselines in a volume-cell
is 1,830 when all of Portal’s 61 support-positions (paxels) emit at least one ray
into this volume-cell. In Figure 15.2 we find that Portal’s reconstruction-power
vanishes towards larger object-distances. At the given binning of the atmospheric-
volume, Portal’s reconstruction-power is optimal up to object-distances of ≈
10 km. When pointing to zenith, this corresponds to an altitude of 15 km a.s.l.
when building Portal on 5, 000 m a.s.l. We also find that there is no reconstruction-
power in the first few 100 m above Portal’s aperture as the bundles of rays orig-
inating in each support-position have not yet overlapped. Naturally we find
that there is only reconstruction-power within Portal’s view-cone. This very
asymmetric population of rays inside volume-cells increases the chance for un-
resolvable artifacts, and is often discussed as ’narrow-angle-tomography’. From
Figure 15.2 we can already see possible limitations to Portal’s three-dimensional
reconstruction-power. Air-showers which emit Cherenkov-photons in volume-cells
with low numbers of stereo-baselines will be more difficult to be reconstructed.
Further, even if an air-shower emits Cherenkov-photons within a volume-cell, this
does not yet mean that those Cherenkov-photons will reach Portal’s aperture as
the emission of Cherenkov-photons is not isotropic.
15.4 Reconstructing air-showers in the refocused-
image-space
In Figure 15.2 we find that the volume-cells in the Cartesian-space above the
atmosphere are populated very asymmetrically. Some have many, others have
no rays passing through them. This asymmetry can be overcome when the to-
mography is done in the three dimensional space of a refocused stack of im-
ages [McNally et al., 1999]. Instead of the Cartesian-rays defined in Equation
2.1, we use the image-rays introduced in Section 9.4. Instead of subdividing
the Cartesian-volume above the Cherenkov-plenoscope, we subdivide the three
dimensional space of refocused images in incident-directions cx, and cy, as well
as image-distances b, compare Equations 9.26, and 9.29. The advantage of this
refocused-image-space is, that the density of rays in the cells is almost the same for
all the cells. The plenoscope’s vanishing reconstruction-power for larger object-
distances is taken into account here naturally. In our first tests with iterative
reconstructions, this reduces many artifacts when estimating the emission-density
of Cherenkov-photons D[v]. Again, the overlap of image-rays and the pixels in the
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Figure 15.2: Portal’s three-dimensional reconstruction power. The number
of stereo-baselines in the volume-cells above Portal’s aperture-plane. Portal’s
aperture-plane goes along the bottom of the figure at object-distance = 0 km.
Here we see only the few volume-cells in the x-object-distance-slice for y = 0.
Each volume-cell is 10 m in x, 10 m in y, and 100 m in object-distance. The dark-
ening here is proportional to the square-root of the number of stereo-baselines
NBaselines, which is proportional to the number of unique support-positions in a
volume-cell NSupports, see Equation 15.2.
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refocused-image-space can be represented in a system-matrix as shown in Equa-
tion 15.1, and is often called three-dimensional-point-spread-function. Figure 15.3
illustrates the basic idea of the refocused-image-space.
15.5 Conclusion
We see great potential for tomographic reconstructions of air-showers using the
Cherenkov-plenoscope, or a powerful array of Cherenkov-telescopes such as the
Cherenkov-Telescope-Array (CTA). The big similarity with tomography in mi-
croscopy allows the atmospheric-Cherenkov-method to adopt many well estab-
lished techniques. For the 150 m diameter Cherenkov-plenoscope investigated by
Axel Arbet Engels, the reconstruction-power for air-showers using the a simple
filtered-back-projection is extraordinary, see Figure 15.4. Tomography is the gen-
eralization of the stereo-technique and will potentially enable us to observe the
inner structure of air-showers.
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Figure 15.3: A light-source in object-distance g is observed by the plenoscope
with focal-length f . The dashed line is the optical-axis and the horizontal line at
the bottom is the principal-aperture-plane. When we refocus a stack of images
from the light-field (right part of figure), the image of the light-source will be
sharpest in the image for image-sensor-distance b which corresponds to a focus
on object-distance g. Other images for image-sensor-distances 6= b will show
the blurring (Bokeh) induced by the narrow depth-of-field caused by the large
imaging-reflector. In this figure, the lowest image in the refocused stack is for a
image-sensor-distance of f , which corresponds to a focus on ∞.
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Figure 15.4: Figures taken from [Engels, 2017]. A tomographic reconstruction of
an air-shower induced by a hadronic cosmic-ray. Upper figures show a x-y-slice
of volume-cells at object-distance = 10.9 km, and lower figures show a x-y-slice
of volume-cells at object-distance = 12.4 km. Compare the bright structures in
both the simulation-truth on the left, and in the reconstruction on the right.
The filtered-back-projection used in this figures is developed and implemented
by the author of this thesis (S.A.M.). In his master-thesis, Axel Arbet Engels
investigates the reconstruction of direct Cherenkov-photons using tomography
on a perfect Cherenkov-plenoscope with an enormous 150 m aperture-diameter.
The goal is to push the limits of chemical composition-measurements using direct
Cherenkov-photons emitted by the cosmic nuclei itself.
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Chapter 16
Pointing the
Cherenkov-plenoscope using the
cable-robot-mount
We propose the cable-robot-mount to point the Cherenkov-plenoscope to differ-
ent gamma-ray-sources in the sky. Although it might be possible to mount the
71 m diameter Portal on a conventional altitude-azimuth-mount, we decide to
investigate the cable-robot-mount as it potentially offers a more cost-effective so-
lution. The concept of the cable-robot-mount is proposed by the author of this
thesis (S.A.M.), while the details are worked out in close collaboration with the
department for civil, environmental and geomatic engineering at ETH-Zurich.
1. We motivate a dedicated cable-robot-mount to point the Cherenkov-plenoscope.
2. We list technical specifications, identify states of operation, and investigate
environmental properties of possible sites.
3. We briefly describe how civil-engineer Spyridon Daglas together with the
author of this thesis (S.A.M.) simulate the cable-robot-mount.
4. We briefly summarize the findings of Spyridon Daglas on the performance
and feasibility of cable-robot-mounts ranging from 30 m to 100 m in diam-
eter.
16.1 Motivation – A mount for the plenoscope
To reach an energy-threshold for gamma-rays of 1 GeV, the Portal Cherenkov-
plenoscope needs a large imaging-reflector of 71 m in diameter. Established
Cherenkov-telescopes only have mounts for imaging-reflectors up to 28 m in di-
ameter, see Section 19.6. Although the conventional altitude-azimuth-mount of
the Cherenkov-telescope might be an applicable mount for the Portal Cherenkov-
plenoscope, we see the potential for a more cost-effective mount. On the Cherenkov-
plenoscope, the demand for a rigid alignment between the imaging-reflector and
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the light-field-sensor is much more relaxed in contrast to the demand for a rigid
alignment between the imaging-reflector and the image-sensor on a Cherenkov-
telescope, see Chapter 11. As long as the actual alignment is known, the Cherenkov-
plenoscope can compensate misalignments between its imaging-reflector and its
light-field-sensor. While on the Cherenkov-telescope rigid support-structures be-
tween the imaging-reflector and the image-sensor are mandatory, on the Cherenkov-
plenoscope this rigid support-structures can be omitted. Rigid support-structures
shadow the aperture, and add up weight to the moving parts. But the main
problem that we identify with rigid support-structures is, that all the forces
needed to hold the image-sensor are guided through the support-structure of the
imaging-reflector, compare Figures 19.7, 19.10, 19.11, 19.16, 19.17, and 19.19.
Since the forces holding the image-sensor change with the pointing-direction of
the Cherenkov-telescope, also the shape of the imaging-reflector changes. And
such deformations of the imaging-reflector must be minimized for high optical
quality. On small Cherenkov-telescopes such deformations might be too small to
effect optical quality, but on larger telescopes it becomes increasingly difficult to
find cost-efficient solutions in order to keep the deformations below an acceptable
limit, or to actively correct for them [Biland et al., 2007]. The physical limit of
the square-cube-law [Galilei, 1638] makes the forces needed to hold a structure
grow quicker than the areas which have to tolerate these forces. As a consequence,
we can not simply scale up an existing mount.
Another drawback of the altitude-azimuth-mount is that it can not move fast
near the zenith what conflicts the hunt for transient phenomena in the highly
variable gamma-ray-sky. The inverse kinematics of the altitude-azimuth-mount
has a near-zenith-singularity [Borkowski, 1987] which causes unacceptably large
accelerations and forces when moving close to the zenith during a repositioning.
Motivated by the Arecibo radio-telescope [Altschuler and Nieves, 2002], the NIST
cable-robot-manipulator [Albus et al., 1993], and the cable-robot-simulator [Mier-
meister et al., 2016], see Figures 16.1, and 16.2, we decided to investigate a dif-
ferent design for the mount of Portal. We call it the cable-robot-mount. Our
cable-robot-mount for Portal is separated into two independent mounts. One
mount is only actuating the large imaging-reflector, and the second mount is
only actuating the light-field-sensor. The two independent mounts always try
to establish the desired target-alignment between the light-field-sensor and the
large imaging-reflector, while we compensate possible misalignments due to e.g.
wind-gusts later in software, see Chapter 11. The independent actuation of the
two components reduces the forces running through the support-structure of the
large imaging-reflector and thus allows us to build larger imaging-reflectors. The
cable-robot-mount supports the imaging-reflector, and the light-field-sensor with
many cables in parallel which are actuated by winches in order to minimize the
mass of the moving structures. The cable-robot-mount extensively uses robotics,
which is the study of controlling the actuated winches using a computer that is
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Figure 16.1: Figure taken from [Miermeister et al., 2016]. The cable-robot-
simulator by Max-Planck-Institute for Biological Cybernetics in cooperation with
the Fraunhofer-Institute for Manufacturing, Engineering, and Automation. This
impressive motion simulator can accelerate payloads of up to 500 kg with up to
14 ms−2. The design-goal of the cable-robot-simulator is not to slowly move the
large components of a Cherenkov-plenoscope, but to be a motion simulator for
up to two passengers with an ’extraordinary’ [Miermeister et al., 2016] power to
weight ratio for maximum acceleration. See also Figure 16.2. For the Cherenkov-
plenoscope, we adopt the icosahedron-shape of the moving platform to mount the
light-field-sensor. Compare Figure 5.8.
Figure 16.2: Figure taken from [Miermeister et al., 2016]. A prototype of the
cable-robot-mount is implemented in a so called ’crossed over’ configuration and
has eight powerful actuated winches in each corner of a large room. See also Figure
16.1. Compare this configuration with the cable-robot-mount for the light-field-
sensor shown in Figure 2.1.
197
Figure 16.3: A possible parking position for the Portal Cherenkov-plenoscope and
its cable-robot-mount.
aware of the parallel, elastic, and inverse kinematics of the entire mount. The
cable-robot-mount is meant to trade large and costly support-structures, as well
as large and expensive mechanical joints in change for computer-control and par-
allel actuation. We suspect, that in contrast to the costs for support-structures
and mechanical joints, the costs for computer-control and parallel actuation scale
less rapidly with the size of the mount. The cable-robot-mount only has one mov-
ing support-structure which is the dish holding the mirror-facets of the imaging-
reflector. The remaining support-structures in the cable-robot-mount are fixed
towers where the cables and winches are attached to. Such large towers are com-
mon in e.g. overhead-power-lines what reduces the costs for their engineering and
production. Figures 16.3, and 16.4 show conceptual drawings of Portal and its
cable-robot-mount. In summary, we expect the cable-robot-mount to reduce the
forces running through the support-structure of the imaging-reflector which shall
allow the construction of larger imaging-reflectors. We expect the cable-robot-
mount to reposition the Cherenkov-plenoscope faster during its hunt for transient
phenomena because its inverse kinematic is free of singularities. And further, we
expect the cable-robot-mount to be very cost-effective because all its fixed towers
and actuated winches are mass produced components which are commonly used
in e.g. overhead-power-lines, wind-turbines, and harbor-cranes.
16.2 Technical specifications
To find a cost-effective design and to communicate our needs, we formulate the
technical specifications for the Cherenkov-Plenoscope’s mount. With these spec-
ifications in mind, Figure 16.5 illustrates what components of the cable-robot-
mount have potential to be investigated. Because a light-weight design for the
imaging-reflector is crucial, we investigate the dimensions and masses of existing
mirror-facets in Table 16.1. We want to reach zenith-distances of up to 45◦.
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Figure 16.4: Portal and its cable-robot-mount pointing to different zenith-
distances of 0.0◦, 22.5◦, and 45.0◦.
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Figure 16.5: This is based on the author’s interpretation of the potential for civil-
engineering after discussions and studies with the experts. The tall masts are
considered to be standard components used in overhead-land-lines. The cage for
the light-field-sensor is also considered to be fairly standard. The steel-cables are
considered higher standard, but still well within range of commercial products
for e.g. harbor-cranes. The concrete-pillars are considered to be simple from a
load-point-of-view, but are worth to investigate cost-effective, and wind-shielding
designs. Clearly, the civil-engineers consider the large imaging-reflector’s support-
structure holding the mirror-facets to be most worthy to investigate in order to
find cost-effective designs.
States of operation
We identify three states of operation for the Portal Cherenkov-plenoscope.
1. Parking. During the day, the large imaging-reflector and the light-field-
sensor are both lowered to their own pedestals for parking, see Figure 16.3.
When the large imaging-reflector rests on its pedestal pointing to zenith,
the intense1 7.4 MW m−2 image of the Sun can not be projected onto objects
on ground.
2. Fast pointing. The Cherenkov-plenoscope points fast from one source in
the sky to another source. Both the large imaging-reflector and the light-
field-sensor are moved independent of each other. Since there are no near-
zenith-singularities, the cable-robot-mount always rotates the Cherenkov-
plenoscope along one single axis only. For fast pointing, we desire angular
velocities of 90◦min−1. In this state, the Cherenkov-plenoscope does not
have to reach its target-geometry, as it will not record air-showers during
fast pointing.
3. Slow tracking. Only here the Cherenkov-plenoscope tries to reach its target-
geometry. Only during slow tracking, the Cherenkov-plenoscope records
1Solar-constant 1.3 kW m−2 × aperture-area of imaging-reflector 3, 684 m2 ÷ area of pro-
jected image of the Sun 0.68 m2
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Figure 16.6: Figure taken from [Radford et al., 2008]. Atacama-desert in Chile
near the summit of Cerro Chajnantor on 5, 612 m a.s.l..
air-showers. To counteract the rotation of the earth, an angular veloc-
ity of 0.25◦min−1 is mandatory. To continuously spread the signal-, and
background-regions across different regions inside the field-of-view [Finnegan
et al., 2011]2, we desire an angular velocity of 0.75◦min−1. Together, we con-
clude that low angular velocities during slow tracking can be approximated
using static load-scenarios.
Site and environment – Atacama-desert, Chile
We choose to adopt the environmental properties of Atacama-desert in Chile on
≈ 5, 000 m a.s.l.. The environmental properties of this site are well documented by
e.g. the European-Southern-Observatory’s ALMA-telescope, and the Cherenkov-
Telescope-Array. Further, the Atacama-desert fulfills our demands for exceptional
dark, and clear skies, and it is high in altitude. Although the geomagnetic cutoff-
rigidity of ≈ 10 GV is not the highest, compare Figure 2.6, it is representative
for our estimate of Portal’s performance. Figure 16.6 shows the landscape of
Atacama-desert. And the Figures 16.7, and 16.8, show typical temperatures and
wind-speeds for this site. Temperature, and changes in temperature effect the
choice of materials. Wind speeds are used to formulate a worst-case load-scenario
during observations. Occasional wind-gusts are used to formulate a survival-
load-scenario. We want observations to be possible up to wind-speeds of 15 ms−1
(54 kmh−1), and we want the mount to survive wind-speeds of up to 55 ms−1
(200 kmh−1).
2E.g. so called orbit-mode implemented in the VERITAS Cherenkov-telescopes.
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Figure 16.7: Figure taken from [Miyata et al., 2008]. Temperatures over the
years 2006, and 2007 at the summit of Cerro Chajnantor on 5, 612 m a.s.l., Chile.
Temperatures for the nearby Pampa la Bola plateau on ≈ 5, 000 m a.s.l. are
reported to be ≈ 5◦C higher on average.
Figure 16.8: Figure taken from [Miyata et al., 2008]. Wind-speeds over the years
2006, and 2007 at the summit of Cerro Chajnantor on 5, 612 m a.s.l., Chile. Wind-
speeds for the nearby Pampa la Bola plateau on ≈ 5, 000 m a.s.l. are reported to
be ≈ 5 ms−1 lower on average.
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type-designation shape area spacing mass areal-density areal-density
with actuators
m2 m kg kg m−2 kg m−2
MAGIC 1st gen. square 0.25 0.50 4.0 16.0 21.0
MAGIC 2nd gen. square 0.96 0.96 13.4 14.0 19.2
VERITAS hexagon 0.32 0.61 10.4 32.4 48.0
FACT/HEGRA hexagon 0.32 0.61 5.5 17.6 33.7
CTA-MST, INAF hexagon 1.25 1.20 25.0 20.0 24.0
CTA-LST, INAF hexagon 1.97 1.50 45.0 22.8 25.3
Table 16.1: Mirror-facets on Cherenkov-telescopes. Here the spacing is the flat-
to-flat-, or inner-diameter of the facets. We assume that the weight of a two-axis-
actuator for the orientational fine-alignment is ≈ 5 kg/facet, regardless of the area
of the facet. The MAGIC, and FACT facets we measured ourselves. The geometry
of VERITAS is taken from [Perkins et al., 2007], while we assume that the density
of the glass is ≈ 2, 800 kg m−3. Cherenkov-Telescope-Array (CTA) specifications
are taken from [Pareschi et al., 2013a]. Mass of the CTA-LST facet is taken
from [Teshima et al., 2011]. Here LST is short for Large-Size-Telescope, MST is
short for Medium-Size-Telescope, and INAF is short for Instituto-Nazionale-di-
AstroFisica.
16.3 Designing a support-structure for the imaging-
reflector
As indicated in Figure 16.5, we focus on investigating the imaging-reflector’s
support structure. Spyridon proposes to use a space-truss to support the mirror-
facets. He proposes to use a rectangular space-truss-lattice to ease the mounting
of the hexagonal mirror-facets as it is shown in Figure 16.9. In this configuration,
the corners of the mirror-facets line up with the nodes of the space-truss. He
disfavors a ribbed-dome space-truss, as it makes the mounting of the mirror-
facets more complicated, and deforms in potentially worse shapes harming the
optical quality. After initial simulations, he identified that stiffening the outer
realm of the imaging-reflector could prevent tensions from running into the inner
parts. A tension-ring in the outer realm will potentially lower the overall weight
and deformations. Such a tension-ring-design can be implemented by e.g. using
stiffer bars in between the outer nodes of the space-truss.
Therefore, our focus is on a space-truss with an outer tension-ring. But for
example another proposal by Prof. Mario Fontana suggests to use large inflatable
air-bags between the bars of the space-truss-lattice to increase the stiffness of the
overall imaging-reflector.
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16.4 Simulating the cable-robot-mount
We implement a simulation to investigate the deformations of Portal’s large
imaging-reflector under various load-scenarios, as well as the impact of these
deformations on the optical quality. The simulation is implemented in equal
parts by Spyridon Daglas, and the author of this thesis (S.A.M.). We quantify
the optical quality using the standard-deviation of the imaging-reflector’s point-
spread-function for incoming photons running parallel to the optical-axis.
The imaging-reflector is simulated in a fully parametrized way. This allows us
to investigate the optics when we change parameters such as the diameter, the
focal-length, or the type of curvature. But it also allows us to investigate the me-
chanics when we change parameters such as mirror-facet-size, space-truss-designs,
and material-properties.
We also define load-scenarios. We simulate pointing the cable-robot-mount to
various zenith-distances. We simulate constant wind, wind-gusts, and even earth-
quakes.
For each tuple of load-scenario, and imaging-reflector:
1. We simulate the deformation of the imaging-reflector under gravity when
pointing to zenith. This is the default-load-scenario.
2. We estimate the optimal orientational fine-alignment for each mirror-facet
under the default-load-scenario. This is the default-alignment.
3. We point the imaging-reflector to its target zenith-distance, and simulate
its deformation under this load-scenario.
4. We estimate the point-spread-function of the imaging-reflector while it is
under the actual load-scenario, and while its mirror-facets have the default-
alignment.
With this procedure, and the point-spread-function as a feedback, Spyridon ex-
plores the parameter-space for different imaging-reflectors using a particle-swarm-
optimization [Daglas, 2017]. He uses the estimated point-spread-function as a
feedback for the next iteration of the imaging-reflector’s parameters. Figure 16.10
shows the parameter-search done by Spyridon for imaging-reflectors with a space-
truss and tension-ring design. The figure shows a search for an imaging-reflector
with 71 m diameter of reflective surface. However, the tension-ring-design made
the space-truss-lattice more like 80 m in diameter, with an outer region of ≈ 5 m
not covered by mirror-facets. This solution was easy for us to implement in our
first investigation, but is not recommended for the actual implementation. For
the time being, we consider it to be an additional safety-margin.
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16.5 Conclusion
The cable-robot-mount for the 71 m Portal Cherenkov-plenoscope can be build
today. Spyridon estimates that somewhere between aperture-diameters of 50 m to
70 m is the point where the cable-robot-mount takes over the altitude-azimuth-
mount in cost-effectiveness. Spyridon further estimates that a 100 m diameter
Cherenkov-plenoscope is potentially in reach with the cable-robot-mount.
From Spyridon’s point-of-view, the support-structure for the imaging-reflector
is most worthy to investigate further. The remaining components of the cable-
robot-mount can be adopted from existing solutions in industry.
Spyridon finds that the space-truss-lattice is unnecessary dense when coupling it
to ’small’ 2 m2 mirror-facets. He proposes to use larger mirror-facets, or to have
space-truss-layers of different densities. A dense layer to mount the mirror-facets,
and more coarse layers below.
Spyridon further finds confirmation for his tension-ring-design. The outer realm
of the space-truss shall be made stiffer than the light-weight inner part.
Spyridon also finds that the deformations in the imaging-reflector scale rapidly for
the zenith-distance above 30◦. He estimates that a mount pointing to maximum
zenith-distances of 30◦ can be implemented with much simpler solutions.
For the materials, Spyridon finds that, except for the imaging-reflector, concrete
and steel are the best choices. Only for the support-structure of the imaging-
reflector, carbon-fiber-reinforced-polymers are the better choice because of their
stiffness.
To be clear, we only explore the cable-robot-mount for static load-scenarios. Al-
though we consider all states of operation slow enough to be static, further dis-
cussions with experts [Miermeister et al., 2016] in robotics are needed.
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Figure 16.9: Figure taken from [Daglas, 2017]. The hexagonal perimeter of the
mirror-facets favors a rectangular type of space-truss-lattice. Spyridon organizes
the individual space-truss-layers in a so called square-on-offset-square pattern.
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Figure 16.10: Figure taken from [Daglas, 2017]. The estimated point-spread-
function of the imaging-reflector during the 45◦-zenith-distance-load-scenario ver-
sus the mass of the support-structure. Each dot corresponds to a specific set of
parameters for the imaging-reflector. Here all imaging-reflectors are 71 m in di-
ameter and 106.5 m in focal-length. The ’3L’ here means 3 layers of nodes in the
space-truss, as can be seen in Figure 5.4. Imaging-reflectors left of the vertical red
line are considered to be sufficient to observe without actuating their mirror-facets
to correct for deformations. The yellow star marks the lightest imaging-reflector
which does not need to actuate its mirror-facets yet.
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Chapter 17
Estimating Portal’s cost
Naturally, the 71 m Portal Cherenkov-plenoscope has its costs. We estimate that
Portal will cost about 218.5× 106 CHF.
We split the cost-estimate into three parts: First, the costs for the cable-robot-
mount, which is mainly worked out by civil-engineer Spyridon Daglas [Daglas,
2017]. Second, the costs for the optics and electronics. And third, the costs for
organization and execution.
17.1 Cable-robot-mount
Spyridon estimates that the material needed for Portal’s cable-robot-mount will
cost about 34.0 × 106 CHF1. This costs include the cable-robot-mount for the
large imaging-reflector, its concrete-pillars, the actuated winches, the cables and
the space-frame where the mirror-facets (not included) will be mounted on. It
also includes the cable-robot-mount for the light-field-sensor, its four high steel-
frame-towers, the actuated winches, the cables, and the light-field-sensor’s hous-
ing where the electronics (not included) will be mounted.
17.2 Optics and electronics
We estimate that Portal’s light-field-sensor will cost about 99.6× 106 CHF. Por-
tal’s mirror-facets and actuators will cost about 13.0× 106 CHF. Table 17.1 lists
our estimated costs for the individual components. Photo-sensors: Private com-
munication with sales-engineer Marius Metzger from Hamamatsu-photonics.
Read-out-electronics: The CTA Schwarzschild-Couder-telescope reports a cost
of 80 CHF channel−1 [Williams et al., 2015]. The developers of the Domino-
Ring-Sampler-4 read-out-electronics even claim a cost of 10 − 15 CHF channel−1
[Ritt, 2011]. However, this does not include the integration-costs necessary for
1In his master-thesis [Daglas, 2017], Spyridon reports the total costs for the 71 m Cherenkov-
plenoscope to be 170 × 106CHF, where he assigns 34 × 106CHF (20%) to the costs of the
structure’s materials. In his master-thesis, Spyridon reports only 170× 106CHF based on early
cost-estimates provided by us for the electronics and optics.
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component unit-costs demand total/106 CHF
Photo-sensors 5× 105 CHF m−2 115 m2 57.5
Read-out-electronics 80 CHF channel−1 515,023 channels 41.2
Lenses 100 CHF lens−1 8,443 lenses 0.9
Mirror-facets 3× 103 CHF m−2 3,684 m2 11.1
Mirror-facet-actuators 1× 103 CHF facet−1 1,842 facets 1.9
Sum 112.6
Table 17.1: Unit-costs for optics and electronics.
fraction/% total/106 CHF
Cable-robot-mount 16 34.0
Optics and electronics 51 112.6
Central control-system 5 10.9
Project-engineering 5 10.9
Project-management 13 28.3
Site-infrastructure 10 21.8
Sum 100 218.5
Table 17.2: Portal’s costs-distribution. We contribute the estimate for the costs
of the cable-robot-mount, the optics, and the electronics. The remaining matters
of expenses are added according to ESO’s cost estimates for OWL [Aglae et al.,
2004], [Brunetto et al., 2004]. Here our sum of the ’cable-robot-mount’, and
the ’Optics and electronics’ give 67% and corresponds to ESO’s sum for ’opto-
mechanical subsystems’ (42%), ’instrumentation’ (5%), and ’telescope structure’
(20%) which gives also 67%.
Cherenkov-astronomy such as amplifiers and analog-to-digital-converters which
is why we better assume 80 CHF channel−1 instead. Lenses: Fortunately, UV-
transparent silica-glass-optics are wide spread for lasers in industry. We found
offers for lenses with similar dimensions as shown in Figure 7.2 for about 50 CHF.
Mirror-facets and actuators: Private communication with Adrian Biland expert
for optics in MAGIC, and also involved in CTA.
17.3 Organization and execution
As a guidance for the total costs of such a large project, we follow the cost-
estimates for the OverWhelmingly-Large-telescope (OWL) proposed by the European-
Southern-Observatory (ESO) [Aglae et al., 2004], [Brunetto et al., 2004]. After
all, we want to estimate Portal’s costs when erected in the harsh environment of
Atacama-desert in Chile. Table 17.2 shows how we distribute the costs.
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Chapter 18
Simulating Portal’s observations
We investigate the Cherenkov-plenoscope with a computer-simulation of the ob-
servations on the event to event level. An event starts with the entrance of a cos-
mic particle into earth’s atmosphere, and ends with a response of the Cherenkov-
plenoscope. We simulate the observation of gamma-rays, electrons or protons.
For the majority of the events, the response of the Cherenkov-plenoscope is to
not even trigger. But for those few events which pass the trigger, the response
of the Cherenkov-plenoscope is further investigated. For example we reconstruct
the incident-direction of the cosmic particle. In our simulations, events are in-
dependent of each other. We use established [Bernlo¨hr et al., 2013] tools such
as CORSIKA [Heck et al., 1998] to simulate extensive air-showers created by cos-
mic particles in the earth’s atmosphere and the IACT/ATMO-package [Bernlo¨hr,
2008] to simulate the emission and interaction of Cherenkov-photons in the atmo-
sphere. When the Cherenkov-photons reach the Cherenkov-plenoscope on ground,
our own simulation takes over. Our photon-propagator merlict simulates the in-
teractions of Cherenkov-photons with the scenery of the Cherenkov-plenoscope.
Together with the Cherenkov-photons, we inject night-sky-background-photons,
see Section 18.3. We simulate the photo-sensors, and the analog-to-digital-conversion.
For the analog-to-digital-conversion we simulate the shortcomings of the read-out-
electronics in the First Geiger-mode Avalanche photo-diode Cherenkov Telescope
(FACT) which we are familiar with, see Part II of this thesis. Depending on
the size of the Cherenkov-plenoscope, a single event involves from 100 to 106
Cherenkov-Photons, several 106 night-sky-background-photons, 104 to 106 pieces
of geometric primitives describing the Cherenkov-plenoscope, and 104 to 106 read-
out-channels for the light-field-sensor. Table 18.1 lists the different programs used
to simulate Portal.
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purpose name
Operating System Linux,
Ubuntu Server 16.04
gamma and cosmic ray injection
Air-shower propagation
CORSIKA 7.56
(UrQMD, QGSJETII)
Cherenkov photon emission and atmospheric in-
teraction
IACT/AMTO pack-
age
Photon propagation in Cherenkov plenoscope
scenery
merlict
light-field calibration merlict
Night sky background light injection merlict
Photo electric conversion merlict
Electronic readout merlict
light-field trigger merlict
Event building and storage merlict
Event reading and visualization plenopy
Event digital refocusing plenopy
3D Air-shower tomography plenopy
Table 18.1: The programs to simulate Portal Cherenkov-plenoscope. merlict
and plenopy are both written by the author of this thesis (S.A.M.).
18.1 Simulating air-showers – CORSIKA
We use the COsmic Ray SImulations for KAscade (CORSIKA) to simulate extensive
air-showers. CORSIKA is developed at Karlsruhe Institute of Technology (KIT).
Listing 18.1 identifies our specific flavor of CORSIKA used to simulate Portal. For
thread-safety during parallel deployment, we wrap CORSIKA with a program that
gives each CORSIKA-instance its own ’run’-directory with its own local buffer-files.
Our wrapper also allows CORSIKA to be called system-wide, and grants write-
access to the eventio-output-files.
18.2 Propagating photons – merlict
We simulate the interaction of photons with the Chrenkov-plenoscope using a
computer-simulation based on ray-tracing called merlict. The merlict was writ-
ten by the author of this thesis (S.A.M.) and can efficiently propagate photons
in complex sceneries. The merlict is not specifically written for the Cherenkov-
plenoscope, but for arbitrary sceneries, and arbitrary optical instruments. To
propagate photons efficiently in complex sceneries with millions of surfaces, the
merlict is a so called ’non-sequential’ ray-tracer which represents its scenery
using a bounding-volume-hierarchy to avoid unnecessary intersection-tests. Cur-
rently, merlict can simulate specular reflections, absorptions in volumetric ob-
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#define HAVE_UNISTD_H 1
#define LT_OBJDIR ".libs/"
#define PACKAGE "corsika"
#define PACKAGE_BUGREPORT ""
#define PACKAGE_NAME "corsika"
#define PACKAGE_STRING "corsika 75600"
#define PACKAGE_TARNAME "corsika"
#define PACKAGE_URL ""
#define PACKAGE_VERSION "75600"
#define STDC_HEADERS 1
#define VERSION "75600"
#define __ATMEXT__ 1
#define __BYTERECL__ 1
#define __CACHE_ATMEXT__ /**/
#define __CACHE_CEFFIC__ /**/
#define __CACHE_CERENKOV__ /**/
#define __CACHE_IACT__ /**/
#define __CACHE_KEEPSOURCE__ /**/
#define __CACHE_NOCOMPILE__ /**/
#define __CACHE_QGSJETII__ /**/
#define __CACHE_URQMD__ /**/
#define __CACHE_VOLUMEDET__ /**/
#define __CEFFIC__ 1
#define __CERENKOV__ 1
#define __GFORTRAN__ 1
#define __IACT__ 1
#define __NOCOMPILE__ 1
#define __OFFIC__ 1
#define __QGSII__ 1
#define __QGSJET__ 1
#define __SAVEDCORS__ 1
#define __TIMERC__ 1
#define __UNIX__ 1
#define __URQMD__ 1
#define __VOLUMEDET__ 1
Figure 18.1: The CORSIKA build-options used for the simulations of Portal. This
are the lines which are not commented out in config.h created by CORSIKA’s own
build-environment coconut.
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jects, refraction, as well as Fresnel-reflections and Fresnel-transmissions. The
merlict can read in sceneries represented using triangle-meshes in the Stereo-
lithography (STL) format [Roscoe et al., 1988] which is commonly used in Computer-
Aided-Design (CAD). Also the merlict can read in photons in various formats,
including the eventio-format used in the IACT/ATMO-package [Bernlo¨hr, 2008]
for CORSIKA. To render a scenery fast for live previews, the merlict uses a second
propagator for simple, reverse ray-tracing of so called ’camera-rays’. Camera-rays
do not behave like photons, but are often sufficient to render images of a scenery
for a visual inspection of the geometry before the actual scientific propagation
of photons. For example, the Figures 5.2 to 5.10 are rendered images created
by the merlict. The merlict has a moderate test-coverage of ≈ 450 unit-tests
and integration-tests. These tests range from simple checks of the internal book-
keeping and linear algebra to complex tests where e.g. photons are guided through
lenses and certain point-spread-functions are expected.
18.3 Simulating night-sky-background
For Portal we simulate the night-sky-background-photons of a dark night at a
clear site adequate for optical astronomy. We choose the Observatory on Roque
de los Muchachos on Canary island La Palma, Spain to be representative for
the flux of night-sky-background-photons. Figure 12.1 shows the flux of night-
sky-background-photons used in the simulations of Portal. To reduce computa-
tions, we do not propagate each night-sky-background photon through the scenery
of the Portal Cherenkov-plenoscope every time we simulate the observation of
an air-shower. Instead we inject night-sky-background-photons directly into the
photo-sensors with the appropriate rate and wavelength-distribution. Not every
photo-sensor in the light-field-sensor in Portal has the same collection-efficiency
η, compare Figures 8.6, and 8.7. We take this into account by using η from
the light-field-geometry G to inject the correct rate of collected photons into the
individual photo-sensors. This is possible because we know the area and the
solid-angle which is exposed in the estimation of the light-field-geometry G, and
because the collection-efficiency η is defined with respect to this exposure. On
Cherenkov-telescopes it is not common to take collection-efficiencies of individual
photo-sensors into account, because fortunately on telescopes the variations in
collection-efficiency between different photo-sensors is only minor.
18.4 Ensuring large enough scatter-radii and scatter-
angles
To estimate Portal’s instrument-response-function, all possible events of cosmic
particles creating air-showers have to be simulated. For each particles-type, the
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energy, the scatter-angle, and the scatter-radius have to be drawn randomly. The
scatter-angle here is the angle between the cosmic particle’s trajectory and the
optical-axis of Portal. The scatter-radius here is the distance between the center
of Portal’s principal-aperture-plane and the scatter-position of the cosmic parti-
cle. While the scatter-position is where the elongated trajectory of the cosmic
particle intersects the principal-aperture-plane.
However, since computing-resources are limited, we can not simulate every possi-
ble event. We have to compromise and avoid the simulation of events which are
both rare to occur in nature, and unlikely to trigger the read-out of Portal. In
this section: First, we show the compromises used in the current simulations of
Portal. And second, we discuss what might be improved in future simulations.
Compromises in Portal’s simulations
To reduce the amount of simulations needed for this first estimate of Portal’s
performance, we apply three compromises:
• We only simulate gamma-rays, electrons, positrons and protons.
• For the diffuse electrons, and protons we only draw scatter-angles within a
maximum scatter-angle which is twice the radius of Portal’s field-of-view.
• Depending on the particle-type we only draw scatter-radii within a maxi-
mum scatter-radius which we make to depend on the energy of the particle,
see Figure 18.2.
The Figures 18.3, and 18.4 show the distributions of the squared scatter-angles
for diffuse electrons, and diffuse protons respectively. Since the scatter-angles are
drawn uniformly in the solid-angle of the opening-cone defined by the maximum
scatter-angle, the distributions of the square of the thrown scatter-angles are flat
in the Figures 18.3, and 18.4. We find the ratio of triggered over thrown events
versus the squared scatter-angles to approach zero for larger scatter-angles.
The Figures 18.5, 18.6, and 18.4 show the distributions of the squared scatter-
radii. We find that unlike in the distributions for the scatter-angle, the ratio of
triggered over thrown events does not peak at zero a scatter-radius of zero. This
is probably because of the extended area on the principal-aperture-plane which
is illuminated by Cherenkov-photons produced by each air-shower. We also find
that all the ratios of triggered over thrown events approach zero for larger scatter-
radii. In the Figures 18.6, and 18.7 we find that for electrons the ratio of triggered
over thrown events decreases faster for larger scatter-radii than for protons. The
non uniform absolute distributions of the scatter-radii for thrown events is the
result of our energy depended choice of the maximum scatter-radius shown in
Figure 18.2.
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Figure 18.2: The maximum scatter-radius of a particle versus its energy. Gamma-
rays with parallel incident-directions coming from a point-source and electrons
with scattered incident-directions coming from a diffuse pool. Protons also have
scattered incident-directions coming from a diffuse pool. Since the detection-
efficiency for small scatter-radii in the order of Portal’s aperture-radius of 35.5 m
is not yet explored, we better be safe and do not reduce the maximum scatter-
radius below 150 m. The resulting instrument-response-functions for Portal are
shown in the Figures 2.4, and 2.5.
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Figure 18.3: Absolute (upper), and relative (lower) distributions of squared
scatter-angles of diffuse electrons, and positrons. Gray, vertical line indicates
radius of Portal’s field-of-view (6.5◦/2)2. Integrated over all energies, and all
scatter-radii.
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Figure 18.4: Absolute (upper), and relative (lower) distributions of squared
scatter-angles for diffuse protons. Gray, vertical line indicates radius of Portal’s
field-of-view (6.5◦/2)2. Integrated over all energies, and all scatter-radii.
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Figure 18.5: Absolute (upper), and relative (lower) distributions of squared
scatter-radii of gamma-rays coming from a point-source in the center of the field-
of-view. Integrated over all energies.
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Figure 18.6: Absolute (upper), and relative (lower) distributions of squared
scatter-radii of diffuse electrons, and positrons. Integrated over all energies, and
over all scatter-angles.
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Figure 18.7: Absolute (upper), and relative (lower) distributions of squared
scatter-radii of diffuse protons. Integrated over all energies, and over all scatter-
angles.
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Conclusion and improvements for future simulations
We identify the distributions for the ratios of triggered over thrown events as
a benchmark for our choices of maximum scatter-angles, and maximum scatter-
radii. Ideally we want to see these distributions to vanish towards zero for larger
scatter-angles, and scatter-radii. In the current simulations, the vanishing for the
ratio of triggered over thrown events is least well estimated for the scatter-radius
of protons in Figure 18.7. But still, for all distributions the vanishing itself is
clearly visible.
From this figures alone we do not see a method yet which allows us to con-
clude that the compromises made on the maximum scatter-angles and maximum
scatter-radii do not spoil the instrument-response-functions too much. In the end,
it is also important how often the corresponding events occur in nature, what can
not be concluded from the figures here. The conclusion here is, that a more
quantitative procedure based on the instrument-response-functions themselves is
needed in the future to estimate this in more detail.
18.5 Data Availability
The source-code developed and used in this thesis is available on:
https://github.com/cherenkov-plenoscope
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Chapter 19
Comparing the plenoscope with
other methods
We compare how the Cherenkov-plenoscope samples the light-field in contrast
to how existing methods, like the Cherenkov-telescopes, sample the light-field.
First, we introduce the light-field-sampling-graph to illustrate how each particular
method samples the light-field. And second, we list existing and future planned
methods together with the Cherenkov-plenoscope to point out differences and
similarities.
The light-field-sampling-graph
The light-field-sampling-graph is a two-dimensional graph which shows the space
of support-positions x, y on the horizontal axis, and the space of incident-directions
cx, cy on the vertical axis, see Figure 19.1. We only show one observation-method
at a time in the light-field-sampling-graph. Our light-field-sampling-graph is not
to scale, and is only meant as a guidance.
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Figure 19.1: The light-field-sampling-graph. Black boxes correspond to read-
out-channels. The vertical extension of the read-out-channel in cx, cy represents
the coverage of incident-directions. This is often called the picture-cell, or pixel.
The horizontal extension of the read-out-channel in x, y represents the cover-
age of support-positions. We call this the principal-aperture-cell, or paxel. The
hatched area in the read-out-channel represents the coverage of the light-field.
We call this area the light-field-cell, or lixel. We put a red curve which illustrates
the space enveloped and thus instantaneously accessible to the trigger. The fur-
ther a single trigger-envelope is spread along the axis of support-positions, the
larger is the collection-area for Cherenkov-photons, and thus the lower is the
energy-threshold. In yellow we show parallel star-light. Star-light shows up as a
horizontal line because it has only a single incident-direction in cx, and cy, but
it shines on the entire aperture-plane in x, and y. In blue we show a typical
pool of Cherenkov-photons. Cherenkov-photons from an air-shower are tilted in
this graph to illustrate that their incident-directions correlate with their support-
positions. This is why stereo-observations with multiple telescopes see different
images of the same air-shower.
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19.1 Areal-sampling (sparse)
pixel paxel
number 1 133
coverage ≈ 2000 deg2 ≈ 0.4 m2
spacing – 85 m
Figure 19.2: Tunka-133 [Lubsandorzhiev et al., 2008], compare Figure 19.3.
Sparse arrays of photo-sensors on ground are used to reconstruct the incoming
Cherenkov-light-front based on the different arrival-times of the photons at differ-
ent support-positions. There is no imaging-optics. The whole wide field-of-view is
just one pixel. See in Figure 19.2 the read-out-channels being wide extended in cx,
cy, but being narrow and sparse in x, y. The lack of sampling in incident-directions
cx, cy limits the power to tell apart gamma-rays from cosmic-rays. Because of the
wide spacing of support-positions, the trigger has only access the collection-area
of single photo-sensors. This raises the energy-threshold up to ≈ 105 GeV. Yet
the sparse design allows for large collection-areas at energies close to the ’knee’
at 3× 106 GeV. Implementations are Tunka-133 [Lubsandorzhiev et al., 2008] in
Figure 19.3, and AIROBICC [Karle et al., 1995].
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Figure 19.3: Figures taken from [Lubsandorzhiev et al., 2008]. The Tunka-133
array for sparse areal-sampling in Tunka-valley. A total of 133 large photo-sensors
(1) with light-guides (4) (lower figure) are arranged in a hexagonal grid in the
Tunka-valley (upper figure).
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19.2 Areal-sampling (dense)
pixel paxel
number ≈ 1 48
coverage ≈ 49× 10−3deg2 36 m2
spacing – ≈ 10 m
Figure 19.4: STACEE-48 [Chantell et al., 1998, Covault et al., 2001], compare
19.5.
A dense array of tiltable mirrors on ground reflects the light from a narrow re-
gion of incident-directions onto an array of photo-sensors mounted on a nearby
tower. Each mirror reflects its light to a different photo-sensor. This allows to
densely sample the support-positions. Often [Chantell et al., 1998] the mirror-
facets are slightly canted so that each mirror reflects light from a slightly different
incident-direction. This is done to focus onto a certain object-distance ≈ 10 km
above ground where Cherenkov-photons are most likely to be produced. Pointing
dependend time-delays between the read-out-channels allow the trigger to access
all mirrors which lowers the energy-threshold. Figure 19.4 shows the read-out-
channels for dense areal-sampling. Note the canting which makes the read-out-
channels follow the shape of the Cherenkov-photon-pool. Figure 19.5 shows the
STACEE solar-concentrator. Similar implementations are CELESTE [Pare´ et al.,
2002], and CACTUS [Lizarazo et al., 2006].
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Figure 19.5: Figures taken from [Covault et al., 2001,Chantell et al., 1998]. The
STACEE solar-concentrator for dense areal-sampling. The upper drawing shows
the canting of the mirror-facets. Cherenkov-light reaches different mirrors (he-
liostats) on ground but was produced in the same point.
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19.3 Telescope
pixel paxel
number ≈ 250 1
coverage ≈ 49× 10−3 deg2 80 m2
spacing dense, 0.25 deg –
Figure 19.6: Whipple-telescope
[Kildea et al., 2007], Mount-
Hopkins 2,600 m a.s.l, Arizona.
Here T. Weeks, A. M. Hillas, and
colleagues started a new field.
The telescope collects light only from a small region of support-positions. An
imaging-system maps the photons based on their incident-directions to different
positions on an array of photo-sensors which is called image-sensor. Telescopes
have fields-of-views large enough to comfortably contain the photons produced in
one air-shower. A high resolution in incident-directions allows the telescope to
tell apart gamma-rays from cosmic-rays based on the structure of the Cherenkov-
photons in the space of incident-directions (in the image) [Hillas, 1985]. Figure
19.6 shows how the telescope samples the light-field. The Whipple-telescope in
Figure 19.7 pioneered the method, and many successors improved it ever since.
Figure 19.8 shows the optics of Cherenkov-telescopes using the same three photons
A,B, and C which are in the Figures 2.2, and 2.3. Similar implementations are
CAT-France [Barrau et al., 1998], FACT [Anderhub et al., 2013a], and all the
Cherenkov-telescopes used in telescope-arrays, see Section 19.4.
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Figure 19.7: Figure taken from [Kildea et al., 2007]. The pioneer of the imaging-
atmospheric-Cherenkov-method. The Whipple Cherenkov-telescope on Mount
Hopkins had 10 m effective aperture-diameter.
Figure 19.8: A telescope observing the thee photons A,B, and C. Compare the
telescope with the plenoscope in the Figures 2.2, and 2.3.
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19.4 Telescope-array (sparse)
pixel paxel
number ≈ 250 ≈ 4
coverage ≈ 49× 10−3deg2 10 m2
spacing dense, 0.25 deg 70 m
Figure 19.9: HEGRA [Bulian et al.,
1998], Roque de los Muchachos
2,200 m a.s.l, Canary island La
Palma, Spain.
About four Cherenkov-telescopes are sparsely positioned on ground such that
they can collect photons from the same air-shower. The array of telescopes can
sample the incident-directions like a usual telescope. But at the same time it can
sparsely sample the support-positions. The array of telescopes is very powerful
and cost-effective to observe gamma-rays with energies above 100 GeV. Unfor-
tunately, the energy-threshold for the trigger in an array of telescopes does not
go below the energy-threshold for the trigger of the individual telescope. Figure
19.9 shows how a sparse array of Cherenkov-telescopes samples the light-field.
Implementations are H.E.S.S. [Funk et al., 2004], MAGIC [Garcia et al., 2014],
VERITAS [Weinstein et al., 2007], and the upcoming CTA [Acharya et al., 2013]
and TAIGA [Budnev et al., 2017].
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Figure 19.10: Figure taken from [Puehlhofer et al., 2003]. One of the four
Cherenkov-telescopes in the HEGRA telescope-array. Each telescope has 3.4 m
effective aperture-diameter.
Figure 19.11: Figure taken from [H.E.S.S. collaboration, 2018]. Two of the four
telescopes in H.E.S.S., Namibia. The telescopes have 12 m effective aperture-
diameter and are positioned on a square with 120 m long edges.
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19.5 Meridian-telescope
pixel paxel
number ≈ 15, 000 ≈ 1
coverage ≈ 20× 10−3deg2 177 m2
spacing dense, 0.1 deg –
Figure 19.12: MACHETE [Cortina
et al., 2016], see also Figures 19.13,
and 19.14.
The meridian-telescope is intended to observe a large part (60 deg × 5 deg) of the
sky. Facing zenith all the time, the meridian-telescope waits for the sources in the
sky to pass by its field-of-view while the earth is rotating. The meridian-telescope
samples the light-field in a similar way to the telescope. But in the meridian-
telescope different incident-direction-bins (pixels) are exposed to different parts
of the aperture. This creates a slight skew in the light-field-sampling-graph in
Figure 19.12. The slight skew in the light-field-sampling-graph does not reduce
the performance of the meridian-telescope, but it is a unique quirk which put the
meridian-telescope into this list for comparison. The Figures 19.13, and 19.14
show the MACHETE meridian-telescope. MACHETE is not yet build.
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Figure 19.13: Figure taken from [Cortina et al., 2016]. The meridian-telescope
MACHETE is optimized to nightly monitor a large fraction of the gamma-ray-sky
at energies below 1 TeV down to 150 GeV.
Figure 19.14: Figure taken from [Cortina et al., 2016]. MACHETE uses a spheri-
cal imaging-reflector and an image-sensor which only accepts photons in a limited
range of incident-directions relative to its surface-normal. This is why differ-
ent photo-sensors in the image-sensor collect photons from different parts of the
imaging-reflector which leads to the slight skew in the light-field-sampling-graph
in Figure 19.12.
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19.6 Large telescope
pixel paxel
number ≈ 2, 048 ≈ 1
coverage ≈ 3.6× 10−3deg2 614 m2
spacing dense, 0.067 deg –
Figure 19.15: H.E.S.S. II [Cornils
et al., 2005], see also Figure 19.16.
Large telescopes are like telescopes but with a wider sampling of support-positions.
Since there is only one bin to sample the support-positions in x, y, the support-
position of the individual photon-trajectory is not well known. In Figure 19.15 we
see that different read-out-channels sample light from different parts of the large
telescope’s aperture. The slope of the Cherenkov-pool in Figure 19.15 indicates
that different parts of the wide aperture in x, and y create different images. This
is the reason for the narrow depth-of-field on large telescopes. Large telescopes in-
vestigate focusing [Trichard et al., 2015] to minimize the blurring caused by their
narrow depth-of-field. The energy-threshold of the trigger can go below 50 GeV
for large telescopes, what makes them today the best choice for observations of
low energetic gamma-rays on ground. Similar proposals are ECO-1000 [Baixeras
et al., 2004], Large-Size-Telescopes in the Cherenkov-Telescope-Array [Acharya
et al., 2013], and MACE [Borwankar et al., 2016].
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Figure 19.16: Figure taken from [H.E.S.S. collaboration, 2018]. The large
H.E.S.S. II Cherenkov-telescope with 28 m effective aperture-diameter.
Figure 19.17: Figure taken from [Borwankar et al., 2016]. The MACE telescope
has 21.3 m effective aperture-diameter. Here it is at its production site in Hyder-
abad before it is moved to Hanle at 4,270 m a.s.l..
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19.7 Telescope-array with topological trigger
pixel paxel
number ≈ 1, 200 2
coverage ≈ 7.9× 10−3deg2 226 m2
spacing dense, 0.1 deg 70 m
Figure 19.18: MAGIC I and II
with topological trigger [Lo´pez-Coto
et al., 2016], see also Figures 19.19,
and 19.20.
The topological trigger tries to make the the decision to read-out or not to read-
out the array of telescopes as early as possible by combining as much information
from multiple telescopes as technology allows. The information about the ar-
rival of photons is reduced by lowering the resolution of incident-directions and
time. Further, time-delays are applied depending of the pointing of the individual
telescopes. Even with these reductions, current topological triggers can still not
handle the flood of information to be the first stage of the trigger in a telescope-
array. There is still a first layer of the trigger which only acts on the individual
telescope. In simulations, the topological trigger for telescope-arrays shows to
lower the energy-threshold for gamma-rays. Although current implementations
of topological triggers are held back by technology, the red curve of the trigger-
envelope in the light-field-sampling-graph indicates the intended goal which is
spreading the aperture-area of the trigger onto multiple telescopes. Similar work
is done in VERITAS [Schroedter et al., 2009].
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Figure 19.19: The MAGIC Cherenkov-telescopes. Photograph by Thomas Krae-
henbuehl.
Figure 19.20: Figure taken from [Lo´pez-Coto et al., 2016]. Schematics of the
topological trigger in the MAGIC telescope-array. Based on the pointing of the
incident-direction of the gamma-ray and the location of the telescopes, the topo-
logical trigger expects certain regions in the images of both telescopes to be corre-
lated to the air-shower. Current implementation act on coarse regions composed
from small pixels to reduce the demands for processing.
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19.8 Telescope-array (dense)
pixel paxel
number ≈ 1, 280 400
coverage ≈ 15.3× 10−3deg2 5 m2
spacing dense, 0.14 deg dense 2.5 m
Figure 19.21: The STAR [Jung et al., 2005] proposal, see also Figure 19.22.
A dense array of telescopes can sample the light-field densely in both incident-
directions cx, cy and support-positions x, y. It can sample the light-field in a very
similar way as the plenoscope, [Wilburn et al., 2005]. The STAR-proposal [Jung
et al., 2005] pointed out the need for a trigger which can act instantaneously on all
the apertures of the individual telescopes. In STAT, possible solutions like time-
delays which depend on the pointing of the telescopes were investigated. The
trigger-envelope intended by the STAR-proposal is shown by the dashed, red line
in the light-field-sampling-graph in Figure 19.21. However, we added the many
but much smaller trigger-envelopes of each individual telescope which we think
are possible to implement today. For a low energy-threshold of the trigger, it is
best to have the read-out-channels, which belong to similar incident-directions,
physically close together. But in a telescope-array this is not the case which
confronts proposals like STAR with huge technological challenges. Somewhat
related are the Durham telescopes Mrk III and IV in Narrabri [Brazier et al.,
1990].
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Figure 19.22: Figure taken from [Jung et al., 2005]. A schematics of the STAR-
proposal illustrating the important flow of signals coming from near-by pixels in
different telescopes. On the left are two telescopes of the array. Further to the
right are hexagonal grids which illustrate the two images recorded by the two
telescopes. Now the signal-flow of the trigger is shown as it tries to make the
trigger-decision based on the sum of pixels which are near to each other in the
space of incident-directions, but come from different telescopes. The signal-flow
here is only shown for one incident-direction, see the red pixels. The signals from
the different telescopes need to be delayed depending of the pointing of the array
before the sum of near-by pixels is created. The problem illustrated by this simple
but brilliant figure turned out to be a huge technological challenge.
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19.9 Plenoscope
pixel paxel
number 8, 443 61
coverage 3.6× 10−3deg2 57 m2
spacing dense, 0.067 deg dense 8 m
Figure 19.23: The Portal Cherenkov-plenoscope.
The plenoscope can sample the light-field densely in both incident-directions cx,
cy and support-positions x, y, see Figure 19.23. It can sample the light-field in the
same way as the dense telescope-array. However, in the plenoscope all the photo-
sensors which belong to similar incident-directions are physically close together,
and do not need variable time-delays to compensate different pointing-directions.
This allows the plenoscope to have a trigger which acts on its full aperture to
reach the lowest possible energy-threshold for gamma-rays. The plenoscope is
able to sample the entire (plenum) state of Cherenkov-photons relevant for the
reconstruction of air-showers (support-positions, incident-directions, and arrival-
times). The sampling of the light-field provided by the plenoscope shown in
Figure 19.23 is the best possible result which can be reached in the light-field-
sampling-graph.
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Part II
Every single photon counts
Pushing Gamma-Ray-Astronomy on
Cherenkov-Telescopes by sensing Light in the
Quantum-Regime
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Chapter 20
Introduction
We identify Cherenkov-telescopes to have unused potential. First, we find that
established Cherenkov-telescopes are limited by the way they represent their
recorded air-shower-events. And second, we find that the image-sensors of fu-
ture Cherenkov-telescopes can be build more cost-effectively by going to a true
digital read-out and leaving all analog processing behind.
Established Cherenkov-telescopes represent air-shower-events not by describing
observables of photons, but by describing electric-pulses which are the responses
of specific photo-sensors to these photons. Established Cherenkov-telescopes have
photo-sensors which respond with analog pulses to incoming photons where the
shape and the arrival-time of the pulse need to be interpreted. Such a repre-
sentation of air-shower-events based on analog pulses limits the classification of
Cherenkov-photons and night-sky-background-photons which prevents the detec-
tion of air-showers induced by cosmic particles with lower energies. Detecting
air-showers induced by cosmic particles with lower energies is of great interest.
It means either, that the costly aperture-area for Cherenkov-photons of future
telescopes can be reduced while recording particles with the same energies, or
that future telescopes will have more statistics of gamma-rays when recording
the more abundant gamma-rays with lower energies.
Here we propose a more natural representation of air-shower-events to overcome
present limitations. We propose to break with describing the largest electric
pulses but to describe the recorded air-shower-event as what it naturally is: The
arrival-times of individual photons in the pixels of an image-sensor. In this part
of the thesis:
• We discuss the established procedure to detect gamma-rays with Cherenkov-
telescopes on the example of the FACT Cherenkov-telescope.
• We discuss the established representation of air-shower-events which is based
on the largest pulses found on analog time-series.
• We propose a natural representation for air-shower-events which is based
on observables and not on the specific responses of specific sensors.
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• We implement our natural representation for air-shower-events on FACT
and call it photon-stream.
• We quantify the gain in performance for the classification of Cherenkov-
photons when using the natural representation with the photon-stream over
the established representation of largest-pulses.
• We estimate the performance and limitations of our photon-stream on both
simulations and observations of FACT.
• Finally, we propose a digital read-out for Cherenkov-telescopes that does
not need costly processing and routing of analog signals, and that records
the natural photon-stream directly.
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Chapter 21
FACT – A demonstration
The First Geiger-mode-Avalanche-photo-diode Cherenkov-Telescope (FACT) is a
small Cherenkov-telescope on Canary island La Palma, Spain, see Figures 21.1,
and 21.2. FACT demonstrates the usage of novel photo-sensors based on silicon
outside the lab, but in the field. FACT monitors bright sources of cosmic gamma-
rays such as Markarian 421 and Markarian 501. FACT also monitors the steady
Crab nebula to validate that its own sensitivity does not degrade over time. Sens-
ing photons with Silicon-Photo-Multipliers (SiPMs)1 instead of Photo-Multiplier-
Tubes (PMTs) is a novelty [Anderhub et al., 2013b] for Cherenkov-telescopes.
FACT has a 9.5m2 aperture for Cherenkov-photons provided by a segmented
imaging-reflector with 4.889 m focal-length. The image-sensor of FACT has 4.5◦
field-of-view, and has 1440 hexagonal pixels with ≈ 0.1◦ field-of-view each, see
Figure 21.3. As established Cherenkov-telescopes, FACT reconstructs the direc-
tion, the energy and the type of individual cosmic particles from air-shower-events
to do gamma-ray-astronomy.
We take a close look at FACT and the imaging-atmospheric-Cherenkov-technique
in general in two approaches. First, we will tell the story of the observation of
one single air-shower-event and we will follow the information as it flows through
the telescope. Second we will describe the general response-behavior of FACT in
a quantitative way using not the statistics of one, but of many air-shower-events.
21.1 Story of a single event
It begins with a cosmic particle entering earth’s atmosphere. The cosmic particle
has the three properties: Direction, energy and type. The first interaction of the
cosmic particle in the atmosphere at 25 ± 15 km above sea-level starts an air-
shower. From now on, the properties of the cosmic particle can not be measured
directly anymore. All following steps have the sole goal to reconstruct the three
properties again from the observation of the air-shower.
1Originally called Geiger-mode-Avalanche-Photo-Diode (GAPD). Nowadays often called
Silicon-Photo-Multiplier (SiPM), or Single-Photon-Avalanche-Diode (SPAD).
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Figure 21.1: FACT during the night on Rouque de los Muchachos 2,200 m above
sea-level. The two large Cherenkov-telescopes MAGIC I (left) and MAGIC II
(right) can be seen in the background. Image by Thomas Kraehenbuehl.
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In the atmosphere the air-shower grows towards ground and emits, among others,
bluish Cherenkov-photons. These Cherenkov-photons rush down the atmosphere
and move with the local speed-of-light head-to-head with the other highly rela-
tivistic interaction-products of the air-shower. In a narrow front of ≈ 2 m height,
the interaction-products of the air-shower reach ground, and illuminate an area
with the shape of a disc with about ≈ 200 m diameter. A small fraction of the
Cherenkov-photons fall into the 3.5 m diameter imaging-reflector of FACT which
is looking up into the night-sky, approximately anti-parallel to the trajectory of
the cosmic particle.
The Cherenkov-photons, together with the night-sky-background-photons fall
into the imaging-reflector, see Figure 21.2. The imaging-reflector bins the pho-
tons, depending on their incident-directions cx and cy, into the pixels of the
image-sensor with 0.1◦ resolution, see Figure 21.3. The Cherenkov-photons reach
the image-sensor within a narrow time-window of ≈ 5 ns.
The SiPM-photo-sensors in the pixels produce electric pulses corresponding to
the arriving Cherenkov-photons and night-sky-background-photons.
The coincident arrival-times of the pulses related to the air-shower, together with
the directional-coincidence of near-by pixels, creates a pattern in the recorded
video that sets itself apart from the pattern of the night-sky-background-pulses
alone in the video. When the pattern of an air-shower is found in the video
from the ensemble of pixels, the recording of the video is triggered. Today, the
time-series of electric amplitudes of the pixels can not be recorded continuously
to permanent-storage2. FACT records the time-series of all pixels simultaneously
for a time-window of 150 ns with a sampling-rate of 2 GHz. The trigger-threshold
is continuously adjusted such that FACT records ≈ 70 air-shower related videos
per second.
On each time-series of a pixel, the charge-integral C and the arrival-time t of the
largest pulse is extracted. As the charge-integral C is correlated to the number
of photons arriving in the time-window of the integration, it is called photon-
equivalent. The resulting representation of the air-shower-event with large pulses
has two values C and t for each pixel and can be visualized in two images, see Fig-
ure 21.4. The identification of large pulses is already the first of multiple stages
to classify Cherenkov-photons in the pool of night-sky-background-photons. A
largest-pulse corresponds to the highest density of photon-arrivals in a pixel. In
further stages, a set of pixels with a high density of photon-equivalents is searched
in the image and associated with the air-shower3. About ≈ 10 geometric features
are generated from the image of photon-equivalents. Figure 21.5 shows the basics
of the popular ellipse-model for air-showers proposed by Micheal Hillas [Hillas,
1985] which is also used in FACT. Such so called Hillas-features describe the
21440 pixel × 12 bit resolution × 2 × 109 samples/s gives 4.32 TByte/s. Today
500 GByte/night is the most FACT can tolerate for permanent-storage.
3This is often called image-cleaning.
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Figure 21.2: The FACT Telescope. See also Figure 21.1.
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Figure 21.3: The inner components of the image-sensor of FACT. Cut open to
see the inner workings. The actual image-sensor has much more cabling going
on.
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Figure 21.4: An air-shower-event recorded with FACT in the night of the 13th of
November in 2015 (Run: 109, Event: 1506). Note that largest-pulses with small
photon-equivalents (p.e.) have random arrival-times t. The hexagonal arrange-
ment of the pixels here is because of FACT’s image-sensor-plane, see Figure 21.3.
Figure 21.5: A simple ellipse-model for the intensity of the photon-equivalents
in the image. The most common features are the length, and the width of the
ellipse. Those are often computed using the covariance-matrix of the intensity-
distribution in the image. Different Cherenkov-telescopes use different additional
features to describe both the photon-intensity and the arrival-time-distribution
of the largest-pulses in more detail. This is the same air-shower-event as shown
in Figure 21.4.
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air-shower in the image using an ellipse model.
For each recorded air-shower-event where Hillas-features could be generated,
these Hillas-features4 are compared with the Hillas-features of simulated air-
shower-events of which the properties of the cosmic particle are known. From
this comparison, the type, the direction, and the energy of the observed cosmic
particle is estimated.
By comparing the incident-directions of gamma-rays with known directions of
cosmic sources in the sky, FACT estimates the flux of gamma-rays from these
sources. Finally, FACT publishes the estimated flux of gamma-rays of cosmic
sources on its Quick-Look-Analysis-webpage [Dorner et al., 2017] about 10 min
after the cosmic gamma-ray entered the atmosphere. FACT also emits alerts
for increased fluxes of gamma-rays to its subscribers such as other telescopes on
ground or in space.
21.2 Statistics of responses to cosmic particles
The statistics of the responses of FACT to different cosmic particles are a quan-
titative description of the performance of FACT. For Cherenkov-telescopes, such
statistics of responses5 are estimated in simulations. Calibrations in the lab with
artificial sources of gamma-rays and charged particles are not feasible today at
energies in the 1 TeV regime. For FACT, we simulate the observation of individ-
ual air-shower-events while specific properties of the cosmic particle are drawn
randomly for each simulated event6 The incident-direction and position of the tra-
jectory 7 of the cosmic particle relative to the telescope is drawn randomly as well
as the energy of the cosmic particle is drawn randomly. We estimate the statistics
of the responses of FACT by counting the number of thrown events and counting
the number of events that lead to a response in the telescope. In this case, the
response we are looking for is the activation of the trigger for the read-out in the
image-sensor of FACT. Figure 21.6 shows the effective collection-areas for both
cosmic gamma-rays and cosmic protons which triggered the readout of FACT.
These effective collection-areas of the trigger give an upper-limit on the largest
possible area for the collection of gamma-rays that can be obtained from the
recorded air-shower-events. For the detection of gamma-rays, hadronic cosmic-
rays need to be rejected which reduces the effective collection-area for gamma-rays
by about one order-of-magnitude [Noethe et al., 2017]. When we convolve the
4Also called Hillas-parameters. FACT uses a flavor Hillas-features which are independent
of the position of a hypothetical source of gamma-rays. Other Cherenkov-telescopes might use
different definitions.
5Also called response-function, instrument-response-function, or depending on the context
also called effective area
6We use CORSIKA [Heck et al., 1998] to simulate air-showers and the emission of Cherenkov-
photons [Bernlo¨hr, 2008].
7The trajectory is a ray with a support-vector (position) and a direction-vector (direction)
in the three-dimensional frame of the telescope.
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Figure 21.6: Based on simulations. The effective collection-area of the trigger of
FACT.
effective collection-area of the trigger of FACT with the fluxes for cosmic gamma-
rays [Hillas et al., 1998] and cosmic protons [Olive et al., 2014], we obtain the ex-
pected rate of the trigger of FACT, see Figure 21.7. The integrated expected rates
of the trigger over the range of simulated energies of cosmic particles are 5.7 s−1
for cosmic protons and only 0.045 s−1 for cosmic gamma-rays. The flux of gamma-
rays here is the flux of the Crab nebula, which is one of the brightest source in
the gamma-ray-sky. In our simulations we use the flux of night-sky-background-
photons shown in Figure 22.3, which is the dark night on Canary island La Palma.
This flux for night-sky-background-photons gives ≈ 30× 106 s−1 photons in each
pixel of FACT’s image-sensor. FACT’s trigger is discussed in [Vogler et al., 2011].
Figure 21.8 illustrates a mayor advantage of Cherenkov-telescopes over direct de-
tectors for gamma-rays in space. Although the aperture for Cherenkov-photons
of FACT is only ≈ 3.5 m in diameter, FACT is well able to record air-showers
where the trajectory of the cosmic gamma-ray intersects the ground ≈ 100 m
off the telescope. This is because Cherenkov-telescopes rely on the air-showers
illuminating large areas on ground with ≈ 100 m radius. The trigger of FACT
has an effective collection-area of > 104 m2 for gamma-rays which exceeds its
aperture-area for Cherenkov-photons by ≈ 3 orders-of-magnitude. This makes
Cherenkov-telescopes cost efficient to investigate cosmic-rays and gamma-rays.
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Figure 21.7: The differential rate of the trigger of FACT. Based on the effective
collection-area of the trigger of FACT, see Figure 21.6.
Figure 21.8: Areal-density of the support-position of the trajectory of gamma-
rays on ground. Left is the density of all thrown gamma-rays. Right is the
density of the gamma-rays which triggered the readout of FACT. Based on the
same simulations as Figure 21.6. The radial truncation for the thrown events is
only to reduce the need for computation.
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Chapter 22
The image-sensor of FACT
The photo-sensors, trigger, and read-out-electronics in the image-sensors of Cherenkov-
telescopes are the most complex component of a Cherenkov-telescope. The image-
sensor of a Cherenkov-telescope records videos with ≈ 109 images per second at a
resolution of ≈ 103 pixel. The photo-sensors in the image-sensor respond already
to single-photons within nano-seconds1. The trigger of the image-sensor identifies
the pattern of air-showers in the video within nano-seconds to allow the read-out
of the video to permanent storage. Image-sensors for Cherenkov-telescopes have
to work in the field where weather and light-conditions might change unexpect-
edly. Image-sensors are expensive and very demanding to develop. They use
custom-build, high-bandwidth electronics for the processing of analog signals.
It is difficult to find the best compromise of power-consumption, heat-removal,
signal-to-noise-ratio, event-throughput, weight, part-availability, and cost. The
design of the image-sensor also effects the rest of the telescope which for example
must be built more rigid when the weight of the image-sensor increases. From
the experience with FACT, we learned that routing of analog signals with high-
bandwidth in cables or on circuit-boards is possible, but very demanding and
costly. Because FACT is small, it can tolerate a relatively heavy but compact
image-sensor with all its read-out within one housing. But the large MAGIC
Cherenkov-telescopes for example are forced to put their read-out-electronics off
the moving telescope what creates additional challenges [Bartko et al., 2005] and
costs for cabling and the transmission of analog signals.
22.1 SiPMs in FACT
FACT senses photons using Silicon-Photo-Multipliers (SiPMs) of the type Hama-
matsu MPPC S10362-33-50C. SiPMs are two-dimensional arrays of Geiger-mode-
avalanche-photo-diodes (GAPDs) which are typically [Golovin, 1998, Sadygov,
1998] all connected in parallel and operated with reverse bias. SiPMs respond
to incoming photons with an electric pulse on their analog signal-output. Figure
1On some Cherenkov-telescopes the number of photons needed to resolve the response of a
photo-sensor might be higher, but is usually below 10.
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Figure 22.1: A single-photon arriving in an SiPM-pixel of FACT. The average
pulse observed in the image-sensor of FACT is blue. The example time-series of
an SiPM-pixel of FACT with its electronic-noise is gray.
22.2 shows a pixel of the image-sensor of FACT with its SiPM, and Figure 22.9
shows the circuit diagram of the SiPMs used in FACT. In reverse bias, all GAPDs
act like capacitors, each storing the same amount of charge. The SiPMs used in
FACT operate at ≈ 70 V of bias-potential. When a GAPD is hit by a photon
it might discharge thus creating a well defined, and easy to sense electric-pulse
on the time-series of the terminal of the SiPM. When multiple GAPDs are hit in
short time, their pulses add up on the time-series. Figure 22.1 shows an electric-
pulse on the time-series of a SiPM-pixel used in FACT when a single-photon
arrives. The gain2of the SiPMs used in FACT is ≈ 1.1× 107.
22.2 PMTs in established Cherenkov-telescopes
Established Cherenkov-telescopes use Photo-Multiplier-Tubes3 (PMTs) to sense
photons. PMTs are photo-sensors which respond to photons with electric pulses
on their analog signal-output. PMTs are vacuum-tubes with a transparent en-
trance window. The inner surface of the entrance window is coated with a ma-
terial where incoming photons can release electrons into the vacuum of the tube.
A static electric-field inside the vacuum-tube accelerates the electron which falls
into a plate of metal where additional electrons are released from the impact on
the metal-plate. This way the number of released electrons is multiplied. In a
cascade of metal-plates and electric-fields, the process of acceleration and release
is repeated until the number of released electrons is large enough to be processed
and read out. As we will show in the following, dedicated PMTs are optimized to
2This is comparing the power falling into the sensor in form of visible photons (100 ×
106 photons s−1 × 3 eV photon−1) to the power from the bias supply which is released by the
GAPDs in form of current (7.5 uA × 70 V). The values are taken from the upcoming Figures
25.16 and 25.17.
3Also called photo-multiplier without the tube.
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Figure 22.2: A pixel of the image-sensor of FACT, compare Figure 21.3. A
transparent light-guide concentrates the hexagonal aperture of the pixel down to
a square output-window glued to the silicon-chip of the SiPM. The light-guide is
made out of poly-methyl-methacrylate (PMMA), and was mass produced using
injection-molding. The SiPM part designation is Hamamatsu MPPC S10362-33-
50C. The GAPD-array has 60 × 60 = 3600 GAPDs. All GAPDs are connected
in parallel to the terminals of the SiPM.
offer a well suited, and high photon-detection-efficiency for blueish photons what
makes them a great choice for Cherenkov-telescopes. However, we will also see
that PMTs lack single-photon-resolution which is due to the statistical process of
the multiplication of the released electrons.
22.3 Alternative photo-sensors
Two alternative photo-sensors relevant for Cherenkov-Telescopes must be ac-
knowledged as well. First, there are Hybrid-Photo-Detectors (HPDs) which
are a hybrid of the entrance-window from a photo-multiplier-tube and a sin-
gle avalanche-photo-diode within the same vacuum-tube [Tridon et al., 2010].
HPDs have great potential for Cherenkov-telescopes as they have similar, or
even higher, photon-detection-efficiencies as PMTs, but also have a high single-
photon-resolution like SiPMs. According to private communication with Adrian
Biland (MAGIC-collaboration), HPDs were not deployed on MAGIC due to ex-
tensive aging of at least the first production-batch during typical observation-
conditions. Second, there are photo-sensors using electric discharges in gas filled
multi-wire-proportional-chambers. The CLUE-experiment [Alexandreas et al.,
1995] successfully recorded images of air-showers using such chambers. The
gas-chambers are most sensitive to photons with wavelength in the range be-
tween 150 nm and 350 nm which naturally results in strong rejection of red-
dish night-sky-background-photons. We are not sure why, but apparently no
other Cherenkov-telescope used gas filled multi-wire-proportional-chambers after
CLUE.
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Figure 22.3: Initial amount of photons before reaching the telescope. Recon-
structed from a simulated air-shower-event of FACT with 50 ns exposure-time.
Night-sky-brightness is ≈ 21 mag arcsec−2 and ≈ 12 × 103 photons total in the
shown interval of wavelengths. The spectrum of the night-sky-brightness is taken
from [Benn and Ellison, 1998]. About 1.1× 103 Cherenkov-photons produced by
a 3 TeV gamma-ray from direction zenith.
22.4 Photon-detection-efficiency
Exploiting the different spectra of the wavelengths of blueish Cherenkov-photons
and of reddish night-sky-background-photons can be a first step to achieve a clas-
sification of Cherenkov-photons, see Figure 22.3. Although Cherenkov-telescopes
do not have photo-sensors which can measure the wavelength of the incoming
photons, Cherenkov-telescopes use photo-sensors which are optimized to sense
blue photons and to reject red photons. Here, the photon-detection-efficiency
of the first generation of mass-produced SiPMs used in FACT falls behind the
photon-detection-efficiency of state-of-the-art PMTs, see Figure 22.4. Table
22.1 estimates how much the ratio of Cherenkov-photons and night-sky-back-
ground-photons changes if FACT had sensors with the photon-detection-efficiency
of state-of-the-art PMTs.
22.5 Single-photon-resolution
SiPMs have a good single-photon-resolution. For photo-sensors which output
analog signals, a good single-photon-resolution means that a certain number of
simultaneously arriving photons, will create a charge-integral C of a certain am-
plitude which can be told apart from the amplitudes of other charge-integrals
created by different numbers of photons. We call the number of photons arriving
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Figure 22.4: Photon-detection-efficiency for a state-of-the-art PMT [Toyama
et al., 2013] and the SiPM used in FACT. Photon-detection-efficiency of the SiPM
is based on claims of the manufacturer on the spectral-distribution [Hamamatsu,
2009] and our own experiences [Anderhub et al., 2013b] with the peak-efficiency .
Night-sky-background/1 Air-shower/1 ratio/%
before image-sensor 11856 1132 9.5
SiPM 2500 200 8.0
PMT 1414 313 22.1
Table 22.1: Ratio of Cherenkov-photons to night-sky-background-photons and
absolute amounts during 50 ns of exposure-time. Observing an air-shower induced
by a 3 TeV gamma-ray from direction zenith. Based on Figures 22.4, and 22.3.
Note: This estimate is limited to the range of wavelengths of current simulation-
tools [Heck et al., 1998,Bernlo¨hr, 2008].
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night-sky-background-photons Cherenkov-photons
multiplicity rate/106 s−1 ratio/% rate/106 s−1 ratio/%
1 25.599 63.513 0.634 18.520
2 5.263 26.117 0.281 16.437
3 1.045 7.780 0.158 13.877
4 0.199 1.976 0.077 8.945
5 0.037 0.465 0.042 6.195
6 0.008 0.114 0.027 4.821
7 0.002 0.030 0.018 3.743
8 0.000 0.006 0.013 3.017
9 0.000 0.001 0.009 2.427
10 – – 0.007 1.975
Table 22.2: The rate of different photon-multiplicities for a time-window of 1 ns.
The ratio indicates that 18.520% of all Cherenkov-photons arrive alone as single-
photons, 16.437% of all Cherenkov-photons arrive in a tuple of two simultaneous
photons, and so on. The majority of photons detected by FACT arrive alone as
single-photons. Only 20% of all Cherenkov-photons arrive in tuples with mul-
tiplicities > 10. Compare and see uncertainties in Figure 22.8. The decay of
the rate of the multiplicity of night-sky-background-photons is dominated by an
artifact called optical-cross-talk which we describe later in Section 22.7.
within a small, simultaneous time-window the multiplicity of the arriving pho-
tons. The Figures 22.5 and 22.7 show the histogram of the charge-integrals of the
SiPMs used in FACT and a state-of-the-art PMT. Because of the individual, but
identical GAPDs in the SiPM, we find several distinct peaks of distinct photon-
multiplicities in the histogram of charge-integrals in Figure 22.5.
The Figure 22.8 and Table 22.2 show how often different photon-multiplicities
occur4during the observations of FACT. We find that the SiPMs used in FACT
can tell apart the number of the arriving photons. In the measurement for the
histogram in Figure 22.5, the probability for larger multiplicities drops exponen-
tially which might create the impression that the single-photon-resolution of the
SiPM vanishes for multiplicities larger than eight. But the measurement is just
running out of statistics for larger multiplicities. Figure 22.6 shows an different
measurement [Kraehenbuehl, 2017] which shows that the single-photon-resolution
does not vanish beyond a multiplicity of eight.
We conclude that FACT does not need to represent photons vaguely by describ-
ing the continuous charge-integral C of its sensor. We conclude that FACT can
describe the photons directly in a quantized way.
4The Figure 22.8 and Table 22.2 show the rates of photon-multiplicities separately for
both night-sky-background-photons and Cherenkov-photons. The multiplicities of Cherenkov-
photons are estimated by subtracting the multiplicities found in events which were randomly
triggered from the multiplicities found in events which were triggered because the pattern of
an air-shower was found in the video. Randomly triggered events are very unlikely to contain
Cherenkov-photons. The multiplicities of the night-sky-background-photons are estimated from
the randomly triggered events only.
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Figure 22.5: Based on [Biland et al., 2014]. Single-photon-resolution of the SiPM
used in FACT. Internally triggered on incoming electric pulses, hence no ’0’ peak,
compare Figure 22.7. Across all 1440 SiPMs of the image-sensor of FACT, across
all temperatures during operation, across several month of operation.
22.6 Wear and aging
While Cherenkov-telescopes with PMTs have to use additional filters [Archam-
bault et al., 2017] for observations during bright moonlight in order to not de-
grade the sensitivity of their PMTs over several years [Gazda et al., 2016] of
observations, the regular FACT Cherenkov-telescope with its SiPMs can observe
Cherenkov-photons while the full-moon is in same field-of-view [Knoetig et al.,
2013] without degrading the sensitivity of its SiPMs. After more than five years
of observations with the SiPMs used in FACT, a charge of over 370 C was released
in each SiPM-pixel [Neise et al., 2017] and we do not see any hint for a change in
the performance to detect photons yet.
22.7 Artifacts
The SiPMs used in FACT have two artifacts which are relevant for Cherenkov-
telescopes. First, the SiPMs used in FACT discharge their GAPDs accidentally
even when it is dark and no photons arrive. This dark-noise increases with tem-
perature, and is ≈ 4× 106 s−1 pixel−1 during room-temperature. On FACT, this
accidental rate of discharges of GAPDs is only a minor issue because the rate of
night-sky-background-photons in a pixel is about one order-of-magnitude larger at
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Figure 22.6: Figure taken from [Kraehenbuehl, 2017]. In contrast to Figure 22.5
where only the rare accidental discharges of the SiPMs are used, here for each
event a light-source deposited about 5 photons in the SiPM. Here ’cell’ is the
Geiger-mode-avalanche-diode. The left most pedestal-bump indicates that this
Figure was created with a very different procedure than Figure 22.5. Here a
method was used similar to the one shown in Figure 22.7 where one does not
wait for sensor-responses to show up randomly, but reads out the sensor uncon-
ditionally after photons have been emitted by a controlled light-source which in
rare cases might not emit any photon. Anyhow, for our purposes here it is only
relevant that many distinct peaks can be found what indicates a high single-
photon-resolution.
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Figure 22.7: Based on [Masuda et al., 2015]. Single-photon-resolution of a state-
of-the-art PMT. Externally triggered by a source of photons, hence the ’0’ peak
when no electric pulse was released in the PMT. One specific PMT only.
≈ 30× 106 s−1 pixel−1. For example, the sensor-responses used in Figure 22.5 are
only caused by accidental discharges of GAPDs at a rate of ≈ 4× 106 s−1 pixel−1.
Second, the discharge of a GAPD can cause the discharge of other GAPDs on
the same SiPM [Otte, 2009]. This so called optical-cross-talk of GAPDs causes
false responses by the SiPMs which appear to be incoming photons but actu-
ally are not. For large rates of arriving photons, the optical-cross-talk results
simply in an increase in gain of the sensor-response, but for the low rates of pho-
tons on FACT, where we are approaching the quantized regime of single-photons,
optical-cross-talk becomes a noise [Buss et al., 2015] which is worked on to be
minimized [Buzhan et al., 2009]. For FACT, the probability for a GAPD to
optically cross-talk into another GAPD is 9.5% [Biland et al., 2014].
22.8 Read-out
In the image-sensor of FACT, the analog signals of all pixels are continuously
written into a ring-buffer with a depth of 512 ns. When the trigger of the image-
sensor detects the pattern of an air-shower in the video, the trigger stops the
continuous writing into the ring-buffer and copies the recorded time-series from
the ring-buffers to the slow permanent-storage. The ring-buffer of a pixel in FACT
is an array of 1024 capacitors which are connected to the output of the pixel one
after another for a time of 500 ps each. During these 500 ps when the capacitor is
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Figure 22.8: The rate of different photon-multiplicities for a time-window of
1 ns. Recorded in the night of 11th November 2013 in run 160. Multiplici-
ties of Cherenkov-photons in blue. Multiplicities of night-sky-background pho-
tons in orange. The exposure-time-equivalent for a single pixel is 1,440 pixels ×
17,302 events × 50 ns/event = 1.2 s for the Cherenkov-photons and 1,440 pixels ×
294 events × 50 ns/event = 21 ms for night-sky-background-photons. Total inte-
grated photon-rate is 43.6× 106 s−1 pixel−1. Compare with Table 22.2. The gray,
dotted line indicates the decay of the peaks in Figure 22.5 which are dominated
by an artifact of the SiPM called optical-cross-talk which we describe later in
Section 22.7.
266
Figure 22.9: A photon falling into the SiPM-pixel can discharge a GAPD. The
electric-pulse of the discharge is stored in the array of capacitors in the domino-
ring-sampler. When the trigger detects the pattern of an air-shower in the pixels,
the charge in the capacitors is converted to digital values which are stored per-
manently. This configuration is called quasi-digital-counter. Compare SiPM with
Figures 22.2 and 21.3 and compare the time-series with Figure 22.1. Inspired by
schematics by Stefan Ritt of the domino-ring-sampler.
connected to the output of a pixel, the potential of the capacitor floats towards
the average potential of the analog signal of the pixel. When the next capacitor in
the array is connected to the pixel, the first capacitor holds its potential until it is
overwritten again 512 ns later when all 1024 capacitors have been connected to the
pixel once. When the trigger decides to read out the ring-buffer, each capacitor
is connected to an analog-to-digital-converter for a time of ≈ 1µs. The output
of the analog-to-digital-converter is then written to a permanent storage. Figure
22.9 shows the simplified schematics of the read-out-electronics used in FACT.
The array of sample-and-hold-capacitors is called ’switched-capacitor-array’, or
’domino-ring-sampler’ [Ritt, 2008].
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Chapter 23
Representing air-shower-events
Cherenkov-telescopes record a pool of night-sky-background-photons with a few
Cherenkov-photons in it. Cherenkov-telescopes record three observables for each
of these photons:
• The incident-direction cx,
• the incident-direction cy,
• and the arrival-time t.
The different pixels in the image-sensor measure the incident-directions cx, and cy,
and the time-slices on the time-series of a pixel measure the arrival-time t. Current
Cherenkov-telescopes do not record additional observables. As a consequence, the
only way to classify Cherenkov-photons and night-sky-background-photons is to
investigate the spatial structure of the photons in the three-dimensional space of
observables. A limited description of these observables limits the performance to
classify Cherenkov-photons and night-sky-background-photons, and thus prevents
us from observing low energetic gamma-rays.
23.1 Largest-pulses
We name the group of established representations for air-shower-events the rep-
resentation of largest-pulses. The representation of largest-pulses describes not
the observables of the incoming photons, but the electric-pulses created by these
photons in photo-sensors such as PMTs or SiPMs. Usually Cherenkov-telescopes
describe the largest-pulse with two attributes. First a charge-integral, called
photon-equivalent C, and second an arrival-time t. The representation of largest-
pulses can be visualized in two images as shown in Figures 21.4. As the largest-
pulse on a time-series of a pixel in a Cherenkov-telescope is associated with the
Cherenkov-photons, the representation of largest-pulses is already the result of a
first classification of Cherenkov-photons along the arrival-times of the photons.
All past [Kildea et al., 2007, Barrau et al., 1998, Puehlhofer et al., 2003], cur-
rent [Holder et al., 2006, Sitarek et al., 2013, Holler et al., 2013, Albert et al.,
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2008b], and future [Catalano et al., 2013, Yashin, 2015] Cherenkov-telescopes
represent air-shower-events using the charge-integrals of analog photo-sensors
in their pixels. Some Cherenkov-telescopes [Kildea et al., 2007, Barrau et al.,
1998, Puehlhofer et al., 2003, Yashin, 2015] do not have additional arrival-time
informations, but only the charge-integral. All the listed references focus on de-
scribing the air-shower-event using the response of their individual sensors and
read-out. None of the listed references interprets their sensor-responses in order
to restore all the observables of the individual photons. All references listed here
stuff single-photons into one large pulse.
23.2 Photon-stream
When we describe all the observables of the incoming photons as they stream
through the image-sensor-plane of a Cherenkov-telescope, we end up with a list
of photon-arrival-times for each pixel. We call this representation the photon-
stream. The photon-stream is the most natural representation for air-shower-
events possible for a Cherenkov-telescope. With the photon-stream it is not
longer the question whether the representation of the air-shower-event itself is
limited but whether we are able to create a Cherenkov-telescope which can record
the natural representation of the photon-stream with sufficient accuracy to take
advantage over the established representation of largest-pulses. As we will show
later on, we believe that FACT with its SiPM-pixels, its low electronics-noise,
and fast read-out is about to provide this accuracy. Figure 23.1 shows an air-
shower-event recorded on FACT and represented in the photon-stream.
The photon-stream is not dedicated to a specific photo-sensor or read-out-
electronic. The photon-stream is decoupled from the hardware and only describes
the observables of the incoming photons. We introduce here the photon-stream on
the example of FACT with its SiPM photo-sensors, but the photon-stream is not
limited to SiPM sensors. Although not practical at the moment, the quantized
photon-stream could also be recorded with PMTs [Catalano et al., 2008] when
the number of pixels is increased to lower the rate of photons in the individual
pixels.
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Figure 23.1: An air-shower-event recorded by FACT and represented as a stream
of photons in the three-dimensional space of observables. Each blue dot represents
one photon. All blue photon-dots have the same semi-transparent color, so that
dense regions of photons look darker. The black ring on the bottom represents
the field-of-view. This is the same air-shower-event as shown in Figures 21.4,
26.1, and 26.2.
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Chapter 24
Single-Photon-Extractor
To create the photon-stream for FACT, we have to extract the arrival-time of each
single-photon from the recorded time-series of a pixel. Our first implementation
of a single-photon-extractor for the SiPMs in FACT is based on two assumptions:
• First, we assume that the amplitude on the time-series of a pixel is only the
sum of discharge-pulses of individual GAPDs.
• And second, we assume that discharge-pulses of all GAPDs are the same
for all pixels, and time-epochs.
24.1 Algorithm
We run an iterative detection and subtraction of single-pulses on the time-series
of a pixel. In each iteration we append the extracted arrival-time of a single-pulse
to the resulting list of arrival-times and subtract the pulse we just found from
the time-series. We stop the iteration when the time-series of the pixel is flat and
does not contain anymore single-pulses.
Preparation
Before the extraction, we prepare two templates of discharge-pulses of our GAPDs.
The first, called full-template-pulse Afull[t]
1 , contains the full, and uncut single-
pulse. The second, called rising-edge-template-pulse Aedge[t] contains a truncated
single-pulse which only contains the rising-edge and the apex of the pulse. Find
both pulses in Figure 24.1. The rising-edge-template-pulse will be used to detect
candidates of single-pulses. The full-template-pulse on the other hand will be
used to subtract a detected single-pulse from the time-series of the pixel.
1We use brackets in A[t] instead of parentheses to stress the discrete array-character with
2 GHz sampling-rate and 500 ps sample-duration respectively of our implementation.
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Figure 24.1: The full-template-pulse Afull[t]. The gray box from 0 ns to 10 ns
marks the range of the rising-edge-template-pulse Aedge[t]. Compare Figure 22.1
to see the electronic-noise again.
Further, we create an empty list where the arrival-times of the single-pulses
will be appended during the extraction.
Input
The input is the time-series of an individual pixel A0pixel[t]. We expect the cali-
bration and the removal of artifacts of the read-out to be done already. However,
we know and accept that rare artifacts, which we do not address yet, can still be
present on the time-series. The most common of the not addressed artifacts is a
sinusoidal resonance, see ’ringing’ in [Vogler, 2017].
Detecting a single-pulse
We detect the i-th single-pulse by correlating the current (i − 1)-th input-time-
series of a pixel Ai−1pixel[t] with the rising-edge-template-pulse
Ri[t] = Ai−1pixel[t] ∗ Aedge[t]. (24.1)
In the correlation with the rising-edge-template-pulse, frequencies on the time-
series contained in the rising-edge-template-pulse are likely to pass on into Ri[t].
But other frequencies as e.g. the frequencies of the electronic-white-noise of our
read-out are likely to be suppressed in Ri[t]. On the correlation-response, we
identify the time-slice of the maximum
ti = argmax(R
i[t]) (24.2)
and define its associated time ti to be the arrival-time of the i-th single-pulse. We
append this arrival-time ti to the list of arrival-times for this pixel. Correlating the
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input-time-series with a template-pulse [Puehlhofer et al., 2003] or simply with a
rectangular-box [Sitarek et al., 2013] is already done on Cherenkov-telescopes to
identify and restore the largest-pulse on a time-series.
Subtracting a single-pulse
After the detection of the i-th single-pulse, we subtract the full-template-pulse
Afull[t] from the current i-th iteration of the pixel-time-series
Aipixel[t] = A
i−1
pixel[t]− Afull[t− ti] (24.3)
at the corresponding arrival-time ti.
Stopping-criteria
On the remaining time-series of the pixel Aipixel[t] we further detect and subtract
single-pulses until a stopping-criteria is fulfilled. The stopping-criteria is fulfilled
when the maximum of the response Ri[t] drops below 1/2 of the maximum of
the response to a single-pulse. When the stopping-criteria was reached, the final
time-series of the pixel is flat.
24.2 Example
We run our extractor on simulated time-series where the arrival-times of the pho-
tons are known. Figure 24.2 demonstrates the iterative procedure of our single-
photon-extractor. The simulated amplitude of electronic-white-noise is typical for
FACT. The simulated rate of photons is ≈ 50 × 106 s−1 pixel−1, which is ≈ 30%
higher than the rate of photons during a very dark night at ≈ 21 Mag arcsec−2.
24.3 Benefits of iterative subtraction
During our investigations, the iterative subtraction of single-pulses was the only
method to identify the arrival of single-photons right after the arrival of a bunch
of multiple, simultaneous photons. In technical terms: Only the iterative sub-
traction is able to identify single-pulses on the steeply falling edge of large, piled-
up pulses. Investigations with non iterative methods, in which only a single
convolution-response is calculated, are not able to identify such photons, as the
convolution-response is dominated by the steeply falling edge of the piled-up
pulses. Tn such scenarios, the rising edge of a single pulse is not enough to raise
the convolution-response above the detection-threshold. However, with an itera-
tive subtraction, the large, piled-up pulse is flattened out one pulse after another
until a trailing single-pulse on its falling edge can raise the convolution-response
above the detection-threshold.
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Figure 24.2: The time-series after each iteration of the single-photon-extractor.
Starting on the top, going down to the bottom. The extracted arrival-times are in
red, and the true arrival-times are in green. Extracted and true arrival-times are
expected to be close to each other. In the end of the extraction, the time-series
is flat.
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Chapter 25
Performance of extraction
We estimate the performance and limitations of our single-photon-extractor in
three different ways. First, we evaluate the precision of our extracted arrival-
times using simulated time-series. Second, we crosscheck if the photon-stream for
FACT created by our single-photon-extractor still contains the information that is
relevant for our established reconstruction of cosmic particles from largest-pulses.
Third, we look for a saturation of the rate of extracted photons under different
brightnesses of the night-sky.
25.1 Validation on Simulations
We perform two tests on simulated time-series. First, we investigate the recon-
struction of the arrival-time for one isolated single-photon with different ampli-
tudes of electronic-white-noise. Second, we investigate the reconstruction of the
arrival-times of multiple photons during typical fluxes of night-sky-background-
photons on FACT.
Arrival-time of a single, isolated photon
We put one isolated pulse Afull[t] on a time-series and add electronic-white-noise
with different amplitudes. The true arrival-time of the pulse is drawn uniformly.
Figure 25.1 shows the distribution of the
residual-arrival-time = true-arrival-time− extracted-arrival-time (25.1)
for four different amplitudes of electronic-white-noise. For each amplitude of
electronic-white-noise we simulate 105 trials. Table 25.1 shows the standard-
deviation of the distribution of the residual arrival-times depicted in Figure 25.1.
We express the amplitudes of electronic-white-noise using the standard-deviation
of the electronic-white-noise in units of the maximum amplitude A of our single-
pulse-template Afull[t]. FACT has a measured amplitude of electronic-white-noise
of ≈ 0.1A.
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Electronic-white-noise Arrival-time number of number of
amlitude/A resolution/ps trials detections
0.0 144 100,000 100,000
0.05 260 100,000 100,000
0.1 416 100,000 100,000
0.2 718 100,000 100,000
0.4 1,000 1,021
0.6 1,000 1,483
0.8 1,000 5,477
Table 25.1: Resolution of the arrival-time of an isolated photon for four different
amplitudes of electronic-white-noise. The resolution of the reconstruction of the
arrival-times is the standard-deviation of the distribution of the residual arrival-
times presented in Figure 25.1. The corresponding amplitude of electronic-white-
noise for FACT is shown in black. For zero noise, we find the standard-deviation of
a uniform distribution within the 500 ps sampling-duration which is 500 ps/
√
12 ≈
144 ps.
We find that our single-photon-extractor reaches 416 ps resolution for arrival-
times of isolated single-photons on time-series with amplitudes of electronic-
white-noise that are typical for FACT. We also find that our single-photon-
extractor’s intrinsic limitation of a fix sample-time-duration of 500 ps becomes
the dominant limitation for the reconstruction of arrival-times when there is zero
electronic-white-noise. Finally, we find that the performance of the reconstruc-
tion of arrival-times of our single-photon-extractor scales inverse to the amplitude
of the electronic-white-noise as can be seen in the gray colored findings in Fig-
ure 25.1 and Table 25.1. For an amplitude of electronic-white-noise ≤ 0.2A,
our single-photon-extractor detects exactly one photon in each trial. Only if the
electronic-white-noise increases beyond 0.4A, our single-photon-extractor starts
to detect false photons, as can be seen in the lower part of Table 25.1. We
notice that the residual arrival-time of our single-photon-extractor has a small
systematic offset of about 125 ps, see Figure 25.1. For the reconstruction of the
air-shower, such absolute resolution of the arrival-times is not relevant for FACT.
We suspect this systematic to show up because of the asymmetric shape of the
pulse and the limited sample-duration of 500 ps.
Arrival-times of multiple photons
We expect the resolution of the arrival-times for single-photons to drop when the
rate of photons increases. For example, when the rate of photons approaches the
sampling-frequency of the time-series, the time-series will be full of photons, but
also it will be rather flat. In such a case, large photon-multiplicities will still
be recognized, but the arrival-times of the photons which form the base of the
time-series will not be recognizable anymore with our single-pulse-extractor.
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Figure 25.1: Performance of the reconstruction of the arrival-time of single-
photons for four different amplitudes of electronic-white-noise. The corresponding
amplitude of electronic-white-noise for FACT is shown in black. Table 25.1 shows
the standard-deviation of the distribution of the residual arrival-times.
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Here we simulate time-series with photons which represent the flux of night-sky-
background-photons in FACT, such as shown and described in Section 24.2, and
Figure 24.2. On simulated time-series, we know the true arrival-times of the
photons. To quantify the performance, we define true-positive-, false-negative-,
and false-positive-matches between a true and an extracted arrival-time. When
counting the occurrences of these matches, we quantify the true-positive-rate 1
of our single-photon-extractor. After we ran our single-photon-extractor on a
simulated time-series, we have both the list of true arrival-times and the list of
extracted arrival-times. We loop over the list of true arrival-times and will remove
matching extracted arrival-times from the list of extracted arrival-times in the
process. In case the list of extracted arrival-times is already empty, we say it is
a false-negative-match. Else, we calculate the residual arrival-time between the
true arrival-time and its nearest match among the extracted arrival-times. When
this residual arrival-time is smaller than, or equal to a certain coincidence-time-
radius, we call this match a true-positive. On the other hand, when the residual
arrival-time is bigger than our coincidence-time-radius, we call this match a false-
negative. Finally, when we have looped over the list of true arrival-times, we call
each remaining extracted arrival-time a false-positive-match.
Figure 25.2 shows the true-positive-rate of our single-photon-extractor. We find
75% probability to extract the arrival-time of a single-photon within 1 ns of its
true arrival-time. We can not stress enough that this is about individual photons
expected while staring into the night-sky-brightness on Canary island La Palma.
This is not about intense bunches of coincident photons from a calibration-source
found in a lab.
25.2 Crosscheck with classic analysis
The list of arrival-times of single-photons can be converted back to an emulation
of the original time-series. We add the full-template-pulse Afull[t] to a time-series
at each arrival-time where a single-photon was extracted. This back-converted
time-series can be analyzed for air-shower-features by our classic extractor which
uses largest-pulses on time-series. When feeding back-converted time-series into
our classic extractor for air-shower-features, we can compare the features from the
back-converted time-series to the features extracted from the original time-series.
This way we can estimate if the photon-stream still contains the information that
is relevant for our classic extractor for air-shower-features. This crosscheck of
course does not use any of the additional information in the photon-stream which
is not accessible with largest-pulses.
So we perform a crosscheck with a sample of observations of FACT with 18 h
exposure-time and 4,233,265 recorded air-shower-events. This sample was si-
multaneously [Ahnen, 2017a] recorded with the MAGIC telescopes, see Figure
1Also known as sensitivity.
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Figure 25.2: In blue is the true-positive-rate of our single-photon-extractor during
typical observations on FACT at a rate of nigh-sky-background-photons of 50×
106 s−1 pixel−1. In orange is the estimated true-positive-rate of our single-photon-
extractor for isolated single-photons based on Figure 25.1. The dark night at
21 mag argsec−2 has only 37 × 106 s−1 pixel−1, see Figures 25.15, and 25.17. For
each coincidence-time-radius we simulate 216µs exposure-time.
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21.1. This means, that both MAGIC telescopes and FACT observed the same
air-showers induced by the same cosmic-particles. The records of this sample are
sparsely scattered between November 2013 and December 2014. MAGIC observes
air-showers with two telescopes for a stereo-view. Each MAGIC telescope has
230 m2 aperture-area for Cherenkov-photons. MAGIC’s lower energy-threshold
for gamma-rays is below 100 GeV which is about one-order-of-magnitude below
the lower energy-threshold of FACT. Because of this, the properties of the cosmic
particle (direction, energy, and type) reconstructed by the two MAGIC telescopes
are of excellent quality for cosmic particles with energies close to the energy-
threshold of FACT at ≈ 1 TeV. Therefore, we assume that the properties of the
cosmic particle reconstructed by MAGIC are the true properties and thus can
serve as a benchmark for FACT. Further, we will not only look at the high-level
benchmark of the properties of the cosmic particle, but we will also take a brief
look at the air-shower-features extracted and used in between.
Air-shower features
The intermediate representation of the air-shower is done with Hillas-features, see
Figure 21.5. The Figures 25.3, 25.4, 25.5, 25.6 and 25.7 show the Hillas-features
which model the photon-distribution in the image using a simple ellipse. The one-
dimensional histogram on the left side of the figures shows the distributions of the
features, and the two-dimensional histogram on the right side of the figures shows
the confusion between the two time-series. The figures show that the distributions
of the Hillas-features are similar for the original and the back-converted time-
series. Also the figures show that the confusion is low between the features
reconstructed from the original and from the back-converted time-series. The
spill-over in the confusion of Hillas-Alpha in Figure 25.6 at ±90◦ is because of
the 180◦ rotation-invariance of the ellipse-model. The small deviation for long
air-showers in Hillas-Length, see Figures 25.3, is not understood. Since there is
not such a large deviation for air-showers with many photons in Hillas-Size, see
Figures 25.7, the deviations in Hillas-Length do not seem to be a saturation-
effect of the single-pulse-extractor. In Hillas-Size we find more air-showers with
low numbers of photons reconstructed from the back-converted time-series. This
might be because the generation of the air-shower-ellipse is sensitive to electronic-
white-noise, which is not present on the back-converted time-series. The Figures
25.8, 25.9 show the air-shower-features related to time. The mean arrival-time
of the largest-pulses associated with the air-shower have similar distributions
with even similar substructures for both the original and back-converted time-
series. The spread of the arrival-times of the largest-pulses associated with the
air-shower, see Figure 25.9, is a bit wider for the back-converted time-series. This
might be either a hint for a loss in precision of the arrival-time from the back-
converted time-series, see Section 25.1, or a hint for different, probably more pixels
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Figure 25.3: Hillas-Length, the long radius of the ellipse of the air-shower. The
deviation for Hillas-Length> 0.8 deg is not understood yet.
Figure 25.4: Hillas-Width, the short radius of the ellipse of the air-shower.
Figure 25.5: Hillas-Distance between the center of the air-shower-ellipse and the
center of the image.
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Figure 25.6: Hillas-Alpha, orientation of air-shower-ellipse in the image.
Figure 25.7: Hillas-Size, number of photons reconstructed from the air-shower.
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Figure 25.8: Arrival-time-mean of the largest-pulses associated with the air-
shower.
Figure 25.9: Arrival-time-spread of the largest-pulses associated with the air-
shower.
in the air-shower-ellipses which have a wider time-spread. Overall the similarities
between the air-shower-features extracted from both time-series are very high,
and we conclude that our classic reconstruction of the cosmic particle should be
able to use the back-converted time-series.
Reconstructed properties of the cosmic particle
The gamma-prediction is the outcome of a machine-learner which uses the ensem-
ble of extracted air-shower-features to estimate the properties of the cosmic parti-
cle, in this case the type of the particle. Figure 25.10 shows the gamma-prediction
to have a similar distribution and confusion for the original and back-converted
time-series. The machine-learner here was only trained on features extracted
from the original-time-series but is found to be able to assign features from the
back-converted time-series appropriately. Since this sample consists vastly out of
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Figure 25.10: Gamma-prediction ranging from not a gamma-ray 0 to gamma-ray
1.
protons and not out of gamma-rays, the distribution and confusion in Figure 25.10
show a great excess for low gamma-predictions. Based on the gamma-prediction
estimated from the extracted air-shower-features, FACT classifies the cosmic par-
ticle to be of type gamma-ray or not. The standard [Noethe et al., 2017] cut for
the gamma-prediction is ≥ 0.85 to be classified as a gamma-ray. Based on the
claims on the detection of gamma-rays in both MAGIC and FACT, we define
matching-scenarios, see Table 25.2. When counting the matching-scenarios, we
can estimate the true-positive-rate and the false-positive-rate for both the events
in the original time-series and the events in the back-converted time-series. Fig-
ure 25.11 shows the ratio of the true-positive-rate and the false-positive-rate for
both the original and the back-converted time-series. The gamma-prediction cut
parameter is varied from 0.7 to 1. For a gamma-prediction threshold of 0.85,
the true-positive-rate of the original time-series is 0.515 and 0.509 for the back-
converted time-series. However, the back-converted time-series reaches 0.0388
false-positive-rate while the original time-series only reaches 0.0478. This means
that when we use the back-converted time-series from the photon-stream, the
signal-rate of gamma-rays drops by 1%, but at the same time the background-rate
of cosmic-rays drops by 23% which will be beneficial for gamma-ray-astronomy.
Finally, we take a look at the reconstruction of the incident-direction of the cos-
mic particle. Together with the gamma-ray-prediction, the incident-direction of
a cosmic particle are important to detect cosmic sources of gamma-rays. Here
we follow the standard [Noethe et al., 2017] procedure to detect a cosmic source
of gamma-rays with FACT. Table 25.3 and Figure 25.14 show the significance
of a detection of a cosmic source of gamma-rays for both the events processed
from the original time-series and the events processed from the back-converted
time-series.
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381,273
15,372
198
191
overlap
4,233,265
584,560
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134
Table 25.2: The four possible matching-scenarios for each simultaneously ob-
served air-shower-event of MAGIC and FACT. Here the number of events is
shown for a gamma-prediction ≥ 0.85, see dot in Figure 25.11. ’trigger’ means
that these events have activated the trigger in the image-sensor of FACT. ’image-
cleaning’ means that after the night-sky-background was removed, these events
still contained the minimal structures necessary to apply the Hillas-ellipse-model.
’ellipse-requirements’ means that these events have air-shower-ellipses which do
not leak too far out of the image and have not too many sub-structures beside
the ellipse.
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Figure 25.11: Receiver-Operating-Characteristic (ROC) curves for original and
back-converted time-series. Here the gamma-prediction cut, see Figure 25.10 is
varied from 0.7 to 1.0. The dots mark the standard gamma-prediction-cut of 0.85.
Significance Li&Ma [Li and Ma, 1983] Non Noff ton/toff
original 14.41 750 2046 0.2
back-converted 15.58 696 1755 0.2
Table 25.3: Significance of a detection of a cosmic source of gamma-rays for both
original and back-converted time-series. Higher significance is better. Intermedi-
ate results Non, Noff are treated according to the standard [Noethe et al., 2017]
procedure for detection of cosmic sources of gamma-rays with FACT. Figure 25.14
shows the reconstructed directions of the cosmic particle which are the basis for
the significance of the detection of a source.
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Figure 25.12: Gamma-ray-energy re-
constructed by MAGIC for true-
positive events in Table 25.2.
Figure 25.13: Gamma-ray-energy re-
constructed by MAGIC for false-
negative events in Table 25.2.
Summary on back-conversion
We conclude that the back-converted time-series from the photon-stream contain
the information for gamma-ray-astronomy that is relevant to our established ex-
traction of air-shower-features from largest-pulses. The drop in false-positive-rate
with the back-converted time-series in contrast to the original time-series makes
the back-converted time-series from the photon-stream even preferable as the
observations are dominated by cosmic-rays by ≈ 3 orders-of-magnitude. Figure
25.11 shows a gain in ’area under the ROC curve’ for the back-converted time-
series across the whole relevant space of gamma-prediction cuts. As a result we
find that the significance to detect a cosmic source of gamma-rays increases when
using the back-converted time-series from the photon-stream, see Table 25.3. The
Figures 25.12 and 25.13 show that the reconstruction-performance from both the
original and the back-converted time-series follow a similar dependency of the
energy. For true-positive gamma-rays in Figure 25.12, the back-converted time-
series offer slightly better performance for energies below 1 TeV. Such a good re-
production of air-shower-features, yet even an indication for a gain in the power
to detect gamma-rays are not anticipated when keeping in mind that the back-
converted time-series from the photon-stream is just an emulation of the original
time-series.
However, the single-photon-extractor is first of all a filter. We suspect that the
filtering of the single-photon-extractor, which only passes on signals which can
be represented by adding up single-pulses, is beneficial for the established clas-
sification of Cherenkov-photons on largest-pulses. During the development we
found a strong rejection-power of our single-photon-extractor to artifacts as e.g
a sinusoidal resonances which occurs occasionally on the original time-series of
FACT (See ’ringing’, [Vogler, 2017]). Further, our established classification of
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Figure 25.14: Great-circle-distance θ between the reconstructed position of the
cosmic source and the true position of the source ’on’. As well as distance θ
between the reconstructed and a false position of the source ’off’. When counting
the events in both ’on’ and ’off’ regions, the significance of the detection can be
estimated [Noethe et al., 2017]. Upper graph shows θ for the original time-series,
and the lower graph shows θ for the back-converted time-series. Vertical and
dashed line at θ2 = 0.03 deg2 marks the border of on- and off-regions.
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Figure 25.15: The flux Fnight-sky-background of night-sky-background-photons ob-
served with the sky-quality-meter [Birriel and Adkins, 2010] of FACT. Even
though FACT observes during strong moon-light, the majority of the observa-
tions is done during dark nights.
Cherenkov-photons on largest-pulses uses statistical estimators which are biased
like a search for the maximum. These biased estimators profit from the lack of
electronic-noise on the back-converted time-series in contrast to the original time-
series which has electronic-noise.
Finally, we want to stress again that this crosscheck does not show the full po-
tential of the photon-stream. This crosscheck only shows that the photon-stream
contains at least the information for gamma-ray-astronomy which is relevant to
our established methods based on the representation of air-shower-events using
largest-pulses.
25.3 Saturation
As mentioned in Section 25.1, we expect our single-photon-extractor to miss pho-
tons when the rate of photons becomes too high. For the first implementation
of the single-photon-extractor we focused on a good arrival-time resolution for
single-photons during low fluxes of night-sky-background-photons. Figure 25.15
shows how often FACT observes during different fluxes of night-sky-background-
photons. The typical flux of night-sky-background-photons is Fdark-night and cor-
responds to a surface-brightness of ≈ 21 mag/arcsec2. Figure 25.16 shows how
much current is flowing through the GAPDs in an SiPM-pixel for different fluxes
of photons. Figure 25.16 shows that the current through the SiPMs does not
saturate in the relevant range of fluxes of night-sky-background-photons. The
current flowing through the SiPMs in FACT is rather proportional to the flux
of night-sky-background-photons. Figure 25.17 shows that the rate of extracted
photons correlates with the flux of night-sky-background-photons and is rather
proportional in the range of fluxes of night-sky-background-photons which are
most common on FACT. All Figures 25.15, 25.16, and 25.17 are based on the
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Figure 25.16: The current released in the GAPDs of the SiPMs used in FACT
is proportional to the flux of night-sky-background-photons observed by the sky-
quality-meter of FACT.
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Figure 25.17: The rate of extracted photons from a time-series of a pixel in
FACT correlates with the flux of night-sky-background-photons, but is not exactly
proportional. The higher the flux of photons, the more photons are missed by
our single-photon-extractor.
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same sample which spans the time from July 2014 to September 2016. Each en-
try for the rate of extracted photons is estimated for a time-window of 5 min and
is without the Cherenkov-photons.
We find that our single-photon-extractor misses more and more photons when
the flux of photons increases. We find the saturation takes place in our single-
photon-extractor since the current released by the SiPMs does not show such a
saturation. However, our first implementation of the single-photon-extractor ex-
tracts photons sufficiently proportional to the flux of photons. Especially in the
range of fluxes of night-sky-background-photons from 1 to 3 × Fdark-night, where
FACT observes most, our single-photon-extractor responses proportional to the
flux of photons. Up to fluxes of 8 × Fdark-night, we do not see a hard limit of
saturation of our single-photon-extractor yet.
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Chapter 26
Classifying Cherenkov-photons
Cherenkov-photons from one specific air-shower are likely to have similar incident-
directions and arrival-times as they are produced in a limited volume in the
atmosphere and as they reach the ground almost at the same time. Night-
sky-background-photons on the other hand are present all the time. And, with
the exception of starlight, night-sky-background-photons have random incident-
directions. Here we try to take advantage of the photon-stream-representation
to classify Cherenkov-photons. In this first attempt, we use solely the density of
photons in the three-dimensional space of observables in the photon-stream.
We will first propose how to express the density of photons in the photon-stream,
and second we will discuss an established algorithm which we find to be well
suited for finding dense clusters of Cherenkov-photons within the pool of night-
sky-background-photons.
26.1 Density in the photon-stream
The three-dimensional space of the photon-stream mixes incident-directions cx,
cy, and arrival-time t. Therefore it is not obvious how to express a distance di,j
in the photon-stream between two photons i and j. To express the density of
photons in the photon-stream, we have to introduce a metric which e.g. scales
the time-axis to mediate between incident-directions and arrival-time. In our
implementation for FACT, we define
ct = αt (26.1)
and choose the scaling of the time-axis
α = 0.35× 109 Deg
s
(26.2)
such that the one-dimensional density of photons in the scaled space of cx, cy, and
ct is the same along all three axes for a typical rate of photons arriving during a
dark night. Depending whether one wants to prefer or penalize the coincidence
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among incident-directions over the coincidence among arrival-times, one can alter
the scaling α accordingly. With the scaling we define
di,j =
√
(cix − cjx)2 + (ciy − cjy)2 + (cit − cjt)2 (26.3)
to be the distance between two photons i, and j. Figure 26.1 shows an example
air-shower-event with the axes cx, cy, and ct to scale.
26.2 DBSCAN Algorithm
We find that the ’density based algorithm for discovering clusters with noise’
(DBSCAN [Ester et al., 1996]) is well suited to identify dense clusters of pho-
tons in the three-dimensional space of observables in the photon-stream 1 . Here
we briefly describe DBSCAN from the photon-stream and Cherenkov-telescope
point-of-view.
DBSCAN assigns each photon in the stream either to a cluster of dense Cherenkov-
photons, or to the night-sky-background-photons. DBSCAN can identify multiple
dense clusters of Cherenkov-photons at once, and makes no assumptions on the
shape of the clusters. DBSCAN has only two parameters. First, there is the min-
imal number of photons m a dense cluster of Cherenkov-photons must have. On
FACT we found m = 20 to be a decent first choice. Second, there is the maximum
distance  between each two photons which must not be exceeded for each two
photons to be considered to be dense. On FACT, where we decided to express
the time t using the scaled ct, we found  = 0.45
◦ to be a decent choice. The
algorithm is split into two repeating processes. First, there is cluster-discovery
which loops over the photons until it finds a photon which has at least m photons
in its neighborhood of radius . Then second, there is cluster-expansion which
adds photons to the newly discovered cluster when these photons are either di-
rectly density-reachable with respect to m and , or when these photons can be
reached via a chain of photons in the cluster which are directly density-reachable.
When all directly reachable, and iteratively reachable photons have been added
to the cluster, the cluster-discovery starts again on the photons which are not yet
assigned to a cluster. When all photons where looped, the photons which do not
belong to a dense cluster are defined to be night-sky-background-photons. See
Figure 26.2 to see two dense clusters of photons discovered by DBSCAN in an
example event in the representation of the photon-stream.
1In FACT we use the DBSCAN implementation of the scientific-python-kit [Pedregosa et al.,
2011].
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Figure 26.1: Two-dimensional projection of the photon-stream onto cx and ct on
the left, and cy and ct on the right. The ct-axis is scaled accordingly to Equation
26.1. Here, the distances in cx, and cy have the same importance as the distances
in ct. This is the same air-shower-event as shown in Figures 21.4, 23.1 and 26.2.
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Figure 26.2: The air-shower-classification based on density identified two clus-
ters in the photon-stream. The larger cluster is blue, and the smaller cluster is
red. In the established classification of Cherenkov-photons using the representa-
tion of largest-pulses and image-cleaning, such separate clusters were often called
’islands’. This is the same air-shower-event as shown in Figures 21.4, and 23.1.
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26.3 Summary
We propose to classify Cherenkov-photons in the photon-stream with the DB-
SCAN algorithm. DBSCAN has a concept of background, and can discover mul-
tiple dense clusters. The classification of Cherenkov-photons in the photon-stream
with DBSCAN depends only on three parameters. First, the scaling α between
the axes in the photon-stream. Second, the minimum number m of photons in a
cluster. And third, the maximum distance  between two photons to be consid-
ered to be dense.
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Chapter 27
Performance of classification
We evaluate simulated air-shower-events of FACT to compare the performance
of the classification of Cherenkov-photons. We compare the classification of
Cherenkov-photons in the photon-stream based on density with the established
classification of Cherenkov-photons based on image-cleaning on largest-pulses.
Both methods use the density of photons in the space of observables cx, cy, and t
to classify Cherenkov-photons. However, the established classification on largest-
pulses with image-cleaning has multiple and consecutive stages where in each
stage only a sub-set of the observables is taken into account. Typically first a
stage in time t, second a stage in incident directions cx, and cy, and third again a
stage in time t. Our novel classification in the photon-stream on the other hand
has only one single stage where all observables are taken into account at once.
Here we will first introduce a measure of performance to discuss the performance
of the two methods in a quantitative way. Second, we will outline the procedure
of the simulation of the air-shower-events. Third, we will briefly describe our
implementations of the two methods. And fourth, we will show the resulting
classification of Cherenkov-photons in example events, and discuss the results
based on a sample of simulated air-shower-events which is representative for the
observations of FACT.
27.1 Measure of performance on images
We estimate the performance of the classification of Cherenkov-photons by com-
paring the set of photons which was classified to be Cherenkov-photons with the
set of true Cherenkov-photons. For simplicity, we compare images of photon-
intensities. An image of photon-intensities is a vector I of photon-intensities
for all pixels. An image of photon-intensities has as many dimensions as there
are pixels, which is dim(IFACT) = 1440 in the case of FACT. Images of photon-
intensities are easy to visualize, see Figures 21.4, and are currently the basis of
the generation of air-shower-features like the Hillas-features. However, images of
photon-intensities alone neglect the time-structure of the air-shower. For each
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event we create three images. First, we create an image of the true Cherenkov-
photons. Second, we create an image of the Cherenkov-photons classified in the
photon-stream using clustering based on density. And third, we create an image
of the Cherenkov-photons classified on largest-pulses using image-cleaning. We
quantify the performance of the reconstruction of the Cherenkov-photons using
two performance-measures. First we use the angle
δ1,2 = arccos
(
I1 · I2
‖I1‖ ‖I2‖
)
(27.1)
between the images I1 and I2 to compare the structure in the images indepen-
dently of the intensity. Second, we use the euclidean distance
D1,2 = ‖I1 − I2‖ (27.2)
between the images I1 and I2 to compare the overall similarity. The smaller the
angle δreconstructed, true and the smaller the distance Dreconstructed, true are between
a true image of the air-shower Itrue and a reconstructed image of the air-shower
Ireconstructed, the higher is the performance of the reconstruction.
27.2 Procedure of the simulation
We simulate the observation of air-showers on the FACT telescope. For air-
showers which are bright enough to trigger the telescope, we take the true arrival-
times of photons detected in the image-sensor. In the simulation, we know
whether a photon originated from the air-shower or from the night-sky-background.
The arrival-times of the these photons can be represented in two three-dimensional
point-clouds, see Figure 27.1. From the arrival times of the photons, we emulate
the electric response of the image-sensor. For each pixel we emulate the time-
series of the response of the photo-sensor, compare section 25.2. From these
emulated representation of the air-shower-event using time-series, we proceed in
two branches. First, we run the established [Noethe et al., 2017] reconstruction
for air-showers of FACT which describes the photons using largest-pulses and clas-
sifies Cherenkov-photons in multiple, separate stages of density clustering along
different dimensions of observables. And second we run the novel reconstruction
for air-showers based on the photon-stream which reconstructs the arrival-times of
single-photons with our single-photon-extractor, and classifies Cherenkov-photons
in a single stage based on the density in the photon-stream.
27.3 Classification on the largest-pulses
We use the standard [Noethe et al., 2017] classification for Cherenkov-photons in
FACT. In the implementation of FACT, the classification of Cherenkov-photons
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Figure 27.1: Simulated telescope response. The true arrival-times t of both night-
sky-background-photons (red), and Cherenkov-photons (blue) across the image-
plane in cx and cy. Black ring illustrates the telescope’s field-of-view.
on largest-pulses is split into three stages. In the first stage, largest-pulses are
identified on the time-series of each pixel individually, which corresponds to a
search of high photon-density along the dimension of time t. In the second
stage, the photon-equivalents of the largest-pulses are compared with the photon-
equivalents of the largest-pulses found in neighboring pixels to identify regions of
high photon-density in the dimensions of the incident-directions cx, and cy. In
the implementation for FACT, pixels with photon-equivalents above a threshold
of 5.5 p.e., and neighboring pixels with photon-equivalents above a threshold of
3 p.e. are declared to be candidates for pixels containing the Cherenkov-photons.
Other implementations might set the thresholds for the pixels dynamically based
on the variance of the occurrence of night-sky-background-photons [Krawczynski
et al., 2006]. In the third stage, the arrival-times of the largest-pulses are taken
into account to reject candidate-pixels which have largest-pulses arriving more
than 10 ns off the median arrival-time of the largest-pulses of all the candidate-
pixels [Aliu et al., 2009]. The combination of the second and the third stage are
often called image-cleaning. Figure 21.4 shows the full input of information to
the image-cleaning on largest-pulses used in FACT. Finally, we create an image of
photon-intensities only from those largest-pulses which are considered to contain
Cherenkov-photons as they passed the cleaning of the image.
27.4 Classification in the photon-stream
From the time-series of each pixel, we extract single-pulses, as shown in Chapter
24. On the resulting photon-stream we run the clustering based on density, see
Chapter 26, to classify Cherenkov-photons and night-sky-background-photons.
Finally, we project the cluster of Cherenkov-photons into the plane of incident-
directions to have an image of the photon-intensities associated with the air-
shower.
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Number events
simulated 12,228 12,228 12,228 12,228 12,228 12,228
passed trigger 8,725 8,725 8,725 2,134 2,134 2,134
found air-shower 8,300 5,103 5,078 1,668 739 726
Performance
mean δ/deg 22.6 23.3 29.3 31.4
mean D/p.e. 6.2 8.4 7.2 10.5
Performance
on overlap
mean δ/deg 18.6 23.3 22.8 31.3
mean D/p.e. 6.8 8.4 8.0 10.6
Table 27.1: Performance of the classification of Cherenkov-photons. Comparing
air-shower-classification on largest-pulses and in the photon-stream. Compare
Figures 27.2, 27.3, 27.4, and 27.5.
27.5 Results
For FACT, the performance of the classification of Cherenkov-photons in the
photon-stream turns out to be clearly superior to the classification of Cherenkov-
photons on largest-pulses. This can be found in two ways. First, the clustering
based on density in the photon-stream finds much more air-showers for the same
measures of performance δ and D, see Table 27.1 and the Figures 27.2, and
27.3. Second, for the air-showers which are both found on largest-pulses and in
the photon-stream, the air-showers of the photon-stream have much better mea-
sures of performance, as shown in Table 27.1 and the Figures 27.4, and 27.5.
The Figures 27.6, 27.7, 27.8, 27.9, and 27.10 show examples of air-shower-events
used in the comparison. Each row in the figures shows the three images of the
same air-shower-event simulated on FACT. The middle image shows the true
Cherenkov-photons. The image on the right shows the reconstructed Cherenkov-
photons using largest-pulses, and the image on the left shows the reconstructed
Cherenkov-photons using the photon-stream. Below each image of reconstructed
Cherenkov-photons, the measures of performance δ and D are written. For air-
shower-events with a high intensities of Cherenkov-photons, the performance of
the classification on largest-pulses comes close to the performance of the classi-
fication in the photon-stream, see Figures 27.6, and 27.7. However, when the
intensity of the Cherenkov-photons is low, the classification in the photon-stream
is superior, see Figures 27.8, 27.9, and 27.10. Since gamma-rays create higher
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Figure 27.2: Gamma-rays. Density-clustering in the photon-stream finds 63%
more air-showers with same or even better distributions of performance-measures
δ and D. See Table 27.1.
Figure 27.3: Protons. Density-clustering in the photon-stream finds 126% more
air-showers with same or even better distributions of performance-measures δ and
D. See Table 27.1.
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Figure 27.4: Overlap, air-showers found by both methods Gamma-rays. See Table
27.1.
Figure 27.5: Overlap, air-showers found by both methods. Protons. See Table
27.1.
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densities of Cherenkov-photons in the images than protons [Badran and Weekes,
1997], the classification in the photon-stream finds 126% more proton-events, but
only 63% more gamma-ray-events than the classification on largest-pulses with
image-cleaning, see Table 27.1. To take advantage of the improvement in classi-
fying Cherenkov-photons, the reconstruction of the properties of the cosmic par-
ticle (direction, energy, and type) will most likely have to be adjusted. Therefore,
although the benefits of the photon-stream for the reconstruction of Cherenkov-
photons is undeniable, the gain in performance for gamma-ray-astronomy can not
be estimated from this investigation alone.
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Figure 27.6: Middle is simulation truth, left is density-clustering in photon-
stream, right is two-level-time-neighbor-cleaning on largest-pulses. Rare but in-
tense (> 100 air-shower photons) gamma-rays on FACT.
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Figure 27.7: Additional intense gamma-rays as in Figure 27.6.
309
Figure 27.8: Typical gamma-rays close to the trigger threshold.
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Figure 27.9: Additional typical gamma-rays, same as Figure 27.8.
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Figure 27.10: Typical cosmic protons close to the trigger threshold.
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Chapter 28
A first test on muons
Relativistic muons which come close to the telescope can produce a ring like
distribution of photons in the images. We find about 10 k events/night in the
observations of FACT which show structures with the shape of a ring or the
segment of a ring. Events induced by muons on a small telescope like FACT are
a tough test for any classification of Cherenkov-photons. The directional density
of photons from the muon is only a low ≈ 2.3 photons/pixel, and thus makes
muons difficult to find in the presence of night-sky-background-photons. Muons
allow us to test the limits of the photon-stream on observations of FACT. We
will first discuss the origin of the rings in the air-shower-events and why we call
such events ’muon-events’. Second, we will present our algorithm to find muon-
events in the photon-stream of FACT. Third, we will show and discuss examples
of muon-events, and we will show side-by-side the Cherenkov-photons found in
the photon-stream with clustering, and the photons found on largest-pulses with
image-cleaning.
28.1 Origin of muon-events
When faster than the local speed of light, any charged particle in the air-shower
emits Cherenkov-photons. These Cherenkov-photons are emitted in a cone with
a radial symmetry relative to the trajectory of the charged particle. The opening-
angle of this cone depends on the speed of the charged particle and the refractive-
index of the air the particle is traversing. Opening-angles observed on FACT range
from ≈ 0.45◦ up to 1.6◦. To see a large part of the ring, the charged particle
must be close to the telescope. At the typical opening-angle of 1.1◦, the charged
particle must be closer than ≈ 105 m to FACT to create full ring structures in the
image. When the imaging-reflector maps the directions of the photons onto the
image-sensor, a sharp ring structure emerges. Since muons are the most likely
charged particles to come close to the telescope, we assume that all events with a
ring-structure are caused by muons. Therefore we call such events ’muon-events’
although every isolated, charged particle will induce the same ring-structures.
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Max. trails of RANSAC 15
Max. std.-dev. of arrival-times of the photons 5 ns
Min. radius of ring 0.45◦
Max. radius of ring 1.6◦
Min. part of photons to agree with the ring 60%
Min. areal overlap of ring and the field-of-view 20%
Min. circumference of ring in the field-of-view 1.5◦
Table 28.1: Criteria for muon-events.
28.2 Algorithm
We start with the observed air-shower-event represented in the photon-stream.
First, we classify Cherenkov-photons and night-sky-background-photons based
on the density in the photon-stream as shown in Chapter 26. We drop all night-
sky-background-photons and continue only with the dense Cherenkov-photons.
When multiple dense clusters of Cherenkov-photons were found, we combine these
clusters into one cluster for simplicity1. Second, we fit the model of a ring to the
distribution of Cherenkov-photons in the three-dimensional space of the photon-
stream. For resistance against outliers, we use the Random-Sample-Consensus
(RANSAC) [Pedregosa et al., 2011] algorithm to fit the model of the ring. Third,
we assert that the model of the ring fulfills the criteria listed in Table 28.1.
28.3 Results
The Figures 28.1, 28.2, 28.3, 28.4, and 28.5 show the examples of muon-events
which were found in the photon-stream of FACT. Each figure has five panels. The
two panels on the top show the event represented in largest-pulses. The central
panel shows the event represented in the photon-stream, and the photons are
colored based on the density-clustering. Gray photons are classified to the night-
sky-background, and blue photons are classified to the muon. The two panels at
the bottom show the photons which were classified to the muon. First, in the
left panel at the bottom is the projection of the photons in the cx-cy-plane of the
photon-stream. The red ring was found with our RANSAC ring-model. Second,
in the right panel at the bottom is the result of our standard [Noethe et al., 2017]
image-cleaning algorithm on the largest-pulses.
We find that muons can be detected very well in the photon-stream of FACT
with a classification of Cherenkov-photons based on density. We find that the
ring of the muons is reconstructed better in the photon-stream, and conclude
that this is a hint for the photon-stream to perform better in the classification of
Cherenkov-photons.
1This is not optimal, and we loose muon-events where the air-shower itself is within the
photon-stream as a dense, central and late cluster.
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For FACT, the search for muons is important. On a Cherenkov-telescope which
observes mono without other Cherenkov-telescopes which could rise a veto, muon-
events have to be identified and rejected in the search for gamma-rays. Also
muon-events can serve as a powerful calibration-device. With the photon-stream
we have produced the largest sample of muon-events which was ever found on
FACT. The muon-sample in the photon-stream has over 18×106 muons. It is the
first sample of muon-events which spans all epochs of FACT.
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Figure 28.1: Observed in the night of 23 July 2014, run 192, event 1180. 1 cluster
of 320 photons in 135 pixels. 67 pixels have only one photon.
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Figure 28.2: Observed in the night of 23 July 2014, run 192, event 1444. 1 cluster
of 199 photons in 103 pixels. 54 pixels have only one photon.
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Figure 28.3: Observed in the night of 23 July 2014, run 192, event 9146. 1 cluster
of 347 photons in 148 pixels. 63 pixels have only one photon.
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Figure 28.4: Observed in the night of 23 July 2014, run 192, event 15065. 1 cluster
of 219 photons in 92 pixels. 45 pixels have only one photon.
319
Figure 28.5: Observed in the night of 23 July 2014, run 192, event 17408. 3 clusters
of 334 photons in 132 pixels. 62 pixels have only one photon.
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Chapter 29
Outlook
Future Cherenkov-telescopes might be build more cost effective and may out-
put the photon-stream directly. For FACT, we process the photon-stream on
a multi purpose computer after the analog time-series of the pixels have been
recorded. But for future Cherenkov-telescopes we see the potential to lower the
cost of read-out-electronics dramatically. Instead of recording analog time-series
of SiPMs, we propose to not record analog time-series at all. We propose to drop
all analog amplifiers, analog ring-buffers, and analog-to-digital-converters which
are currently used in the image-sensors of Cherenkov-telescopes. We propose to
start over directly at the GAPDs where the initial electric responses to the pho-
tons are produced. We propose to use a surface-array of N GAPDs, as classic
SiPMs do, to receive photons. But this time we do not connect the GAPDs in
parallel. Instead we connect each GAPD to a Schmitt-trigger. We adjust the
Schmitt-trigger so that it creates digital pulses of a defined amplitude when its
GAPD discharges. Then we clock all N outputs of the Schmitt-triggers into the
(N,M) parallel-counter [Swartzlander, 2004]. Each GAPD-discharge causes in-
put of the parallel-counter to be only high for a single clock. The M outputs
of the parallel-counter represent the M digits of a binary number counting the
number of GAPDs which have released a pulse. We copy the binary number
at the output of the parallel-counter at a fixed, and clocked rate of e.g. 109 s−1
into a digital memory-buffer such as a shift-register. We do this for each pixel
in the image-sensor. Now we have the photon-stream in a digital memory-buffer
in our image-sensor. There will be no need for costly high bandwidth electron-
ics to process analog signals. Figure 29.1 shows a draft of our proposed SiPM
design. Previous studies [Catalano et al., 2008] already pointed out the bene-
fits of a digital representation of the air-shower-events with single-photons and
proposed to shrink the size of the pixels while increasing their number to reach
the necessary single-photon-resolution. Our proposal takes this previous study
to the extremes by reading out each GAPD in the SiPM-pixel individually, but
in contrast to this previous study we do not propose to increase the number of
pixels and read-out-electronics but to condense the arrivals of single-photons in
the parallel-counter of each SiPM-pixel to reduce the costs. In computer science,
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Figure 29.1: Draft of our proposed SiPM design to output the photon-stream
directly. On the left is the GAPD-array, compare Figure 22.2. All GAPDs have
individual bias-supplies as implemented here [Frach et al., 2009]. Right of the
GAPDs are the Schmitt-triggers which serve as amplifiers to reach bias-levels for
digital processing. The logic for clocking the individual GAPDs into the parallel-
counter is omitted here. When individual GAPDs are faulty and have high rates of
accidental discharges, adjustments of the Schmitt-trigger thresholds can exclude
these SiPMs, similar as demonstrated here [Frach et al., 2009]. Right of the array
of GAPDs is the parallel-counter. The parallel-counter here is constructed from a
tree of 11 full-adders (FA). Figure of parallel-counter is taken from [Swartzlander,
1973]. This particular SiPM has only N = 15 GAPDs and M = 4 bit output-
width for simplicity. Actual SiPMs for Cherenkov-telescopes will have N > 1 k
GAPDs. Also, actual parallel-counters might need buffers after each stage in
order to be clocked at speed of ≈ 109s−1. Such buffers are omitted in this figure.
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Figure 29.2: The prototype schematics for a digital SiPM with integrated parallel-
counter, by Jean-Francois Pratte and Fabrice Retiere [Jean-Francois and Retiere,
2017]. Here Single-Photon-Avalanche-Diode (SPAD) is the same what we use
to call GAPD. It is reported, that prototype SiPMs were already build and are
under evaluation. An arrival-time resolution < 1 ns is reported for the prototype
SiPMs. This SiPM has 1 cm2 photon-aperture, and was developed for the nEXO
experiment which will cover a surface of 4 m2 with these SiPMs. See the great
similarity with our proposal in Figure 29.1.
our current implementation of recording time-series and later using analog to
digital converters is known to be a possible implementation of a parallel-counter
called the ’quasi-digital-counter’ (See section 2.5, [Swartzlander, 2004]). Other
users of SiPMs have also realized that the true potential of SiPMs goes way be-
yond PMTs when they are combined with dedicated electronics on the chip of
the SiPM directly [Frach et al., 2009]. Our colleagues in particle-physics have a
similar need for digital SiPM with ≈ 109 Hz bandwidth and started developing
first prototypes [Jean-Francois and Retiere, 2017] which are very similar to our
proposal in Figure 29.1. Their advanced prototype of a digital SiPM is reported
to cost ≈ 2× 106 USD m−2 which results in ≈ 26× 103 USD for the sensitive area
used in the image-sensor of FACT. The cost of the image-sensor including the
read-out for the FACT prototype was ≈ 0.5×106 USD. Given the omission of the
costly routing and processing of analog signals, there is valid hope to reduce the
cost of the FACT’s image-sensor by one order-of-magnitude when using digital
SiPMs with integrated parallel-counters.
We propose to team up with the SiPM-experts [Jean-Francois and Retiere, 2017]
and create a dedicated SiPM for Cherenkov-telescopes to build inexpensive and
powerful Cherenkov-telescopes which output the photon-stream directly.
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29.1 Outlook for FACT
We provide access to all simulated events of FACT in photon-stream-representation
to the general public. We provide access to a sample of observations of FACT
of the Crab-Nebula from November 2013 in photon-stream-representation to the
general public. To the members of the FACT-collaboration we provide access
to all1 observed events of FACT in photon-stream-representation. We automat-
ically add the latest observed events in photon-stream-representation. We allow
the members of FACT to access our events without the need for accounts on
specific computing-sites, which is a novelty. Go and visit
http://fact-project.org/photon-stream
to access the photon-stream of FACT. We implemented a format for storage and
exchange of the photon-stream and implemented readers and writers in different
programming languages. See the appendix in Chapter 31 for details on the im-
plementation and a brief discussion on ’Known Limitations and Outlook’.
Because of the accessibility, the photon-stream already contributes to projects
within the FACT-collaboration beside the activities of the author of this the-
sis. For the very immediate outlook on the photon-stream in FACT, here are
a few projects which investigate the photon-stream and its possible benefits for
gamma-ray-astronomy:
• Kevin Sedlaczek investigates the advantages of the additional timing in-
formation in the photon-stream for gamma-ray-astronomy. In his master-
thesis, Kevin uses both simulations and observations of FACT in the photon-
stream-representation to improve the sensitivity to gamma-rays of the Crab-
Nebula.
• Jan Moritz Behnken submitted a bachelor-thesis on the prospects of using
machine-learning with deep neural-networks to reconstruct the particle-type
from air-shower-events. He used the observations and simulations of FACT
represented with the photon-stream.
• Dorothee Hildebrand, and Adrian Biland investigate muon-events to cross-
check novel methods for monitoring the production-efficiency of Cherenkov-
photons in the atmosphere [Hildebrand et al., 2017] and a possible aging of
the SiPMs in FACT . The muon-events were found in the photon-stream
for FACT using the methods presented in Chapter 28.
• Kai Bruegge investigates the performance of observing gamma-rays with
the novel photon-stream by implementing the generation of novel features
from the photon-stream in his doctoral-thesis.
1About 80% of the time spent on this thesis was spent here. The computation of the fourth
and final production-pass itself took 8 month.
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• Jacob Bieker investigates to improve the reconstruction of the direction
of the cosmic particles using machine-learning and the photon-stream for
FACT in his bachelor-thesis.
• Amandeep Singh uses the photon-stream to investigate the rates of differ-
ent photon-multiplicities to search for correlations with properties of the
atmosphere, compare Figure 22.8.
• Laurits Tani uses the muon-sample in the photon-stream representation. In
his master-thesis, he investigates how FACT’s optical point-spread-function
changes over time based on the sharpness of muon-rings.
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Chapter 30
Conclusion
We have proposed to lower the energy-threshold of Cherenkov-telescopes for
gamma-rays by improving the classification of Cherenkov-photons due to the use
of a natural representation of air-shower-events which describes general observ-
ables of photons instead of describing special responses of special sensors. We
have implemented such a natural representation for air-shower-events for FACT
and called it the photon-stream. Based on simulations of FACT, we have shown
that a density-based classification of Cherenkov-photons in the photon-stream is
superior to the established classification of Cherenkov-photons in multiple stages
on the largest-pulses. We have shown that no information relevant for gamma-
ray-astronomy is lost when we use the photon-stream instead of the largest-pulses
to represent the air-shower-events of FACT. We have proposed a design of an
SiPM which allows to implement image-sensors for Cherenkov-telescopes without
costly analog electronics, but with wide spread digital components which output
the photon-stream directly.
We conclude that the photon-stream representation for air-shower-events has only
benefits over the established representation of largest-pulses. The photon-stream
contains more information and is easier to explain1 . The photon-stream is the
most natural representation to store, exchange, and process air-shower-events
within and among Cherenkov-telescopes.
30.1 Conclusion for FACT
Before the photon-stream was implemented, air-shower-events of FACT were only
accessible in a representation of the raw time-series of all pixels. The raw rep-
resentation using the time-series of all pixels is great to investigate the novel
SiPMs in combination with the read-out of the image-sensor. Possible aging of
the image-sensor, and artifacts can be investigated in great detail this way.
1Largest-pulses need two concepts to be explained. First arrival-time, and second photon-
equivalent. The photon-stream has only one concept, which is arrival-time. Also largest-pulses
can not be explained without explaining the specific photo-sensor and read-out-electronics which
is used.
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However, the raw representation of air-shower-events with time-series is very inef-
ficient in storage-size and thus inefficient to do gamma-ray-astronomy. Since easy
gamma-ray-astronomy was not the goal of FACT, no format was implemented
to store the representation of largest-pulses permanently for easy and compact
access. Some private studies in FACT do gamma-ray-astronomy by permanently
storing the air-shower-events represented by their Hillas-features, but these pri-
vate storages are difficult to access.
The photon-stream for FACT is two orders-of-magnitude more compact in storage-
size than the raw representation of air-shower-events with time-series even when
we apply our own dedicated compression [Ahnen et al., 2015] to the time-series.
Instead of ≈ 800 TBytes of raw events, which are scattered over several physi-
cal storage units on several remote computing-sites, the photon-stream is only
≈ 8 TBytes in storage size for all simulations and observations ever done with
FACT. The entire photon-stream for FACT can be stored on a single consumer
storage unit in a single computer while it contains at least all the information
for gamma-ray-astronomy that is relevant to our established analysis-chain based
on largest-pulses and Hillas-features, see Section 25.2. The photon-stream for
FACT is accessible on a web-server to all members of FACT and partly the
photon-stream is even accessible to the general public. Now that the initial phase
of demonstration is over for FACT, and the novel SiPMs are well understood,
the photon-stream pushes the capability of FACT and its members to focus on
gamma-ray-astronomy.
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Chapter 31
Implementing the photon-stream
This is the read-me of our photon-stream repository. FACT specific aspects and
key implementation aspects are outlined here.
https://github.com/fact-project/photon_stream
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photon_stream / README.md
fact-project / photon_stream
masterBranch: Find file Copy path
6f76dfd on 13 Dec 2017
2 contributors
relleums Adopt api change in README
367 lines (289 sloc)  25.2 KB
Photon-Stream build passing
Representing Imaging Atmospheric Cherenkov Telescope (IACT) events using single photons.
All FACT events (observations and simulations)
White Paper ICRC2017
Video presentation
C++ reader and writer
The events of FACT can be represented as a list of lists of arrival times of individual night-sky-background and air-shower
photons. We call this list of lists the photon-stream. This python package collects tools to produce, visualize and analyze
photon-stream (phs) events. The photon-stream is based on our single photon extractor for Silicon Photo Multipliers (SiPMs).
Install
pip install git+https://github.com/fact-project/photon_stream
Usage
import photon_stream as ps
from photon_stream import plot as ps_plot
import matplotlib.pyplot as plt
reader = ps.EventListReader('20151001_011.phs.jsonl.gz')
event = next(reader)
ps_plot.event(event)
plt.show()
Read in the full CORSIKA simulation truth and estimate instrument response functions:
import photon_stream as ps
import pandas as pd
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sim_reader = ps.SimulationReader(
    photon_stream_path='tests/resources/011014.phs.jsonl.gz',
    mmcs_corsika_path='tests/resources/011014.ch'
)
for event in sim_reader:
    # process event ...
    # extract Hillas and other features ....
    # do deep learning ...
    pass
thrown_events = pd.DataFrame(sim_reader.thrown_events())
Rationale
As a technology demonstrator, the FACT telescope records its observations in a format which is close to the read out
hardware. This was a great choice to explore the novel SiPM and DRS4 readout chain, but turns out to be tedious to do
astronomy as the raw events are rather bulky, full of artifacts and not calibrated. The raw events are 1440  pixels X 300  time
slices X 16 bit dynamic range = 864kB in size. The raw events can not be analyzed independent of each other (readout
artifacts) and further need additional calibration files, which are not straight forward to identify. Although effort was spent to
compress the raw events with our dedicated zfits format, the events from 2011 to 2017 still need >500TB of disk storage. The
years passed by and FACT is not longer a demonstrator, but a part of high energy gamma-ray astronomy. It is time to access
and analyze our observations in an easier way. It is time for a physics format.
The photon-stream can compress FACT events down to a size of 2.7kB for dark nights. Based on this, the idea was born to
create a no compromise, physics only file format with the potential to fit all events of FACT onto a single hard disk drive of
10TB. The photon-stream format is already calibrated and thus does not need additional files to be interpreted. Known
instrument artifacts have been removed from the photon-stream and the events are now independent of each other.
The photon-stream format is intended to do astronomy. We believe that astronomy can only proceed when access to the
observations is easy. We want to enable a Bachelor student to analyze years of FACT observations on her notebook! We
want to enable students to transfer 5 min of FACT observations via email. We want to give students something that they are
familiar with, i.e. the concept of single photons. Everybody knows single photons. But only established IACT experts know the
concept of 'main-pulses' which carry 'photon equivalents', know readout calibration and artifact mayhem. We want to keep the
air-shower physics and even gain additional timing knowledge which was not accessible with the established 'main-pulse'
representation which is still a heritage of our PMT based ancestors. Finally, we want to reveal for the first time the true
potential of an SiPM based IACT. This is the photon-stream.
Storage
We offer two storage formats. First the Json-Lines format, and second a dedicated binary format. Json-Lines is excellent to
share data with colleagues or new students. Json is human readable and fortunately surprisingly efficient to store the photon-
stream. Many programming languages can read and write Json. Our dedicated binary format phs  is fast to read and write,
and it is only about 2/3 of the Json size.
Json-Lines
Json-Lines is a text file where each line is a valid Json object. Json turned out to store our photon-stream efficiently. Here we
see one example event:
{"Night":20170119,"Run":229,"Event":1,"UnixTime_s_us":[1484895178,532244],"Trigger":4,"Az_deg":-63.253664797474336
Json-Lines run files are named YYYYmmnn_RRR.phs.jsonl.gz . There is no run header. Each line in a phs.jsonl.gz  file
corresponds to one event. This way events can be concatenated and counted very easily.
Keys
"Night":YYYYmmnn
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The FACT night integer. Here YYYY  is the year A.D., mm  is the month, and nn  is the night of the observation. A night is
different from a day. The night integer increases to the next night during 12:00 UTC  o'clock rather than 00:00 UTC . The
night integer is always 8 digits, e.g. 20170201  which is first of February 2017.
"Run":RRR
The unique run identifier of a night. The observations of a night are split into runs of usually 5 minutes . Since not all runs
are observation runs, but e.g. calibration runs, the run identifiers in the high level photon-stream format are not necessary
continuous, since calibration runs are missing. The run integer in the file name is always 3 digits, e.g.
20170201_021.phs.jsonl.gz  is the twenty first run of the first night in February 2017.
"Event":eee
The event identifier of a run. In a run, the individual events have unique identifiers. The event integer is not fixed in its length
e.g. "Event":4  is the fourth event in a run, and "Event":34845  is the thirty-four-thousands-and-eight-hundreds-forty-fifth
event in a run.
"UnixTime_s_us":[1484895178,532244]
The moment when the event was recorded in unix time (keep in mind that unix time has leap seconds!). The first entry in the
the array are the unix time seconds s , and the second entry are the additional micro seconds us .
double event_time = 1484895178.0 + 1e-6 * 532244.0
The time stamp is out of the FACT event builder program and can be off the actual trigger time by about 30ms . For high
precision timing in the 5us  range, the GPS time is needed, which unfortunately is not yet available.
"Trigger":xxxx
The trigger type of the FACT telescope. There are different trigger types for FACT, here in the high level format we only have
left:
4: The self triggered mode, also called "physics trigger". These events are expected to contain light flashes and air
showers.
1: External trigger input 1. Here the GPS module triggers the read out 59  times a minute. These events are expected to
contain only night-sky-background.
2: External trigger input 2. The same as external trigger input 1, since the GPS module was switched from 1 to 2 once.
1024: A random trigger also called "pedestal trigger". These events are also expected to only contain night-
sky-background.
For a full overview of the FACT trigger types, see the Phd of Patrick Vogler, table 4.3.b
"Az_deg":-63.253664797474336,"Zd_deg":33.06900475126648
The pointing direction of the FACT telescope in the moment the event was recorded. This is reconstructed from the aux
(auxiliary) drive files based on the event time. "Az_deg"  is the azimuth pointing in degrees, and "Zd_deg"  is the zenith
distance pointing in degrees.
"PhotonArrivals_500ps":[[],[],[]]
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The actual photon-stream. A list of lists of arrival times of photons in units of 500ps . The outer list loops over all 1440  pixels
of FACT and is ordered in Continuous Hardware ID (CHID) . The inner lists loop over the arrival times of the individual
photons for the corresponding pixel. The maximum number of photons in a pixel before the extraction of photons is aborted is
500 . If there are 500  photons in a pixel, this pixel is saturated and meaningless. Since a single photon is now defined by
only one sharp arrival time in contrast to a very long pulse, there is no need anymore to stick to a long region of interest in
time and therefore the output of the photon-stream is truncated only to the region where the air-shower physics takes place,
which is from 15ns  to 65ns  (I hardly ever saw air shower events beyond 45ns ) on FACT's raw ROI of 150ns . So each
event has an exposure time of 50ns . If you have any uncomfortable feelings about this truncation then let me remind you of
the physics results which come out of the MAGIC telescope with its ROI of 30ns  and only 625ps  sampling.
"SaturatedPixels":[123,456]
A list of pixels in CHID  to indicate that the corresponding pixel had an saturated analog time line out of the raw DRS4 chip.
The maximum number of saturated pixels is 100 , as the event is skipped then anyhow. Usually this list is empty. Such
saturations happen not only for ultra high energy air showers, but also when the DRS4 calibration was not possible or is
broken elseway.
Dedicated binary format
The phs  format is a binary format with exactly the same content as the Json-Lines phs.jsonl  format. There is no run
header of footer. This is just a list of events. Binary run files are named YYYYmmnn_RRR.phs.gz .
The content of the different event types is as follows:
Observation Event
- Descriptor
- Observation Event Identifier
- Observation Information
- Pointing
- Photon-Stream
- Saturated Pixels
Simulation Event
- Descriptor
- Simulation Event Identifier
- Pointing
- Photon-Stream
- Saturated Pixels
Descriptor (5 Byte)
char
+--------+--------+--------+
|    p   |    h   |    s   |
+--------+--------+--------+
- A magic descriptor 'phs'
uint8
+--------+
|VERSION |
+--------+
- VERSION == 4 is pass4
uint8
+--------+
|  Type  |
+--------+
- Type == 0 is Observation
- Type == 1 is Simulation
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Observation Event Identifier (12 Byte)
uint32
+--------+--------+--------+--------+
|              Night Id             |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|               Run Id              |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|             Event Id              |
+--------+--------+--------+--------+
Simulation Event Identifier (12 Byte)
uint32
+--------+--------+--------+--------+
|           CORSIKA RUN Id          |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|         CORSIKA EVENT Id          |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|      CORSIKA Event Reuse Id       |
+--------+--------+--------+--------+
Pointing (8 Byte)
float32
+--------+--------+--------+--------+
|       Zenith Distance [Deg]       |
+--------+--------+--------+--------+
float32
+--------+--------+--------+--------+
|         Azimuth  [Deg]            |
+--------+--------+--------+--------+
Observation Information (12 Byte)
uint32
+--------+--------+--------+--------+
|          UNIX time [s]            |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|      UNIX time [us] mod. [s]      |
+--------+--------+--------+--------+
uint32
+--------+--------+--------+--------+
|            Trigger type           |
+--------+--------+--------+--------+
Photon-Stream (number photons + number pixel Byte)
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The arrival time slice for a single photon is between 0 (0ns) and 100 (50ns) and thus fits comfortably into a single unsigned
integer of eight bits width ( uint8 ). A list of uint8  is a valid list of arrival times for the photons found in a single pixel. To
separate the photon arrival time lists of the individual pixels, we introduce a dedicated next-pixel-symbol which is not a valid
photon arrival slice i.e. the digit 255 . The concept of a list of symbols separated from the next list by a dedicated symbol is
very common to store digital text.
uint32
+--------+--------+--------+--------+
|  Number of pixels plus photons    |
+--------+--------+--------+--------+
The size of the photon-stream in bytes.
Photon arrival times in slices
EXAMPLE. The actual shape and structure depend on the specific event.
     uint8
     +--------+--------+--------+--------+
   0 |     A  |     B  |     C  |   255  | <- Pixel CHID=0, 3 photons, arrival slices A, B, and C.
     +--------+--------+--------+--------+
   1 |   XXX  |   XXX  |   255  |
     +--------+--------+--------+
   2 |     C  |   255  | <- Pixel CHID=2, 1 photons, arriving in slice C.
     +--------+--------+--------+--------+--------+
   3 |   XXX  |   XXX  |   XXX  |   XXX  |   255  |
     +--------+--------+--------+--------+--------+--------+--------+
   4 |   XXX  |   XXX  |   XXX  |   XXX  |   XXX  |   XXX  |   255  |
     +--------+--------+--------+--------+--------+--------+--------+
   5 |   XXX  |   255  |
     +--------+--------+
   6 |   255  | <- Pixel CHID=6, 0 photons, empty.
     +--------+--------+--------+
   7 |   XXX  |   XXX  |   255  |
     +--------+--------+--------+
   .
   .
   .
     +--------+--------+
1437 |   XXX  |   255  |
     +--------+--------+--------+--------+--------+
1438 |   XXX  |   XXX  |   XXX  |   XXX  |   255  |
     +--------+--------+--------+--------+--------+
1439 |     D  |     E  |   255  | <- last pixel CHID=1439, 2 photons at slices D and E.
     +--------+--------+--------+
Pixel
CHID
A list of lists of photon arrival time slices in CHID pixel order. The line break from one pixel to the next pixel is marked by the
line break symbol 2^8-1 = 255 . This leaves 255 (0-254) slices to encode photon arrival times.
Saturated Pixels (2 + 2*number saturated pixel Byte)
uint16
+--------+--------+
|        N        |
+--------+--------+
Number of saturated pixels
uint16
+--------+--------+--------+--------+     +--------+--------+
|      CHID 0     |      CHID 1     | ... |      CHID N-1   |
+--------+--------+--------+--------+     +--------+--------+
A list of CHIDs of saturated pixels
Memory representations
Depending on the computational task, the information in the photon-stream can be represented in different ways in memory
which can ease the processing. These different representations can be converted into each other without information losses.
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List-of-lists
The list-of-lists in-memory representation is an outer list of all pixels (CHID ordering) that loops over the extracted arrival time
lists for each pixel. The list-of-lists in-memory representation is the most compact one. We use the list-of-lists in-memory
representation for permanent storage.
Image-sequence
A two dimensional histogram along the the arrival time slices and the pixel directions. Each bin counts the number of single
photons arriving at its corresponding pixel and corresponding arrival time slice. The image-sequence in-memory
representation is suitable when a fixed event size is preferred. The histogram is always the same size in memory regardless
of the number or structure of the photons. Slicing and integrating along the time axis can produce classic images with one
intensity for each pixel.
Point-cloud
A list of three dimensional direction and time coordinates of all photons in the stream of an event. Two of the three
dimensions describe the angular incoming direction of a photon, which correspond to a specific pixel. The third dimension is
the arrival time of the photon. This point-cloud in-memory representation is ideal for plotting the 3D point cloud, or to perform
the density based clustering to tell apart air-shower photons from night-sky-background photons. The term point-cloud was
chosen because of a large community working on exactly such data structures, e.g. Point Cloud Library (PCL).
Known Limitations and outlook
The photon-stream pass4  was created based on best effort. However, we are aware of a few shortcomings which might be
addressed in future passes. Here is a list of possible improvements for the future in no particular order.
Arrival time ordering
The List-of-list representations of photon-stream pass4  store the arrival times of the individual photons in the order of their
extraction. This ordering information was not found to be of any use yet. If it was of any use it would mean that our single
pulse extractor is not optimal as we know that all relevant information has to be in the independent photon arrival times and
must not show up else where. On the other hand we found an argument to sort the arrival times in future passes. This is
because of the density clustering (DBSCAN) used for air-shower photon classification. In the future, the runtime of a
dedicated DBSCAN will profit from an ordered list of single photon arrival times.
Time-series calibration
When pass4  was implemented, it was assumed that the time-series used for the extraction was already treated with all
known calibration steps of FACT. This turned out to be not the case. Now we know, that in none of the analysis chains (fact-
tools, FACT-MARS) of FACT there exists a fully calibrated time-series. The pass4  is missing at least two calibration steps.
First, it misses the individual time-series gain calibration of our amplifiers. And second, it misses a global time delay among
the pixels. The global time delay is still under debate and we do not know it for all epochs. Anyhow both effects are 'minor'.
We highly recommend for future passes to treat all known calibration steps on the time-series before starting the single pulse
extraction. A fully calibrated time-series has the same sampling times for all pixels, and has an amplitude in units of single
pulses which are common for the individual pixel.
Dropping the time-series baseline
In pass pass4  we put out an estimate for the baseline amplitude of the time-series after the single pulse extraction. It is the
same argument as for the arrival time ordering. If it turns out that this baseline matters, something is wrong with either the
extractor or with our time-series main-pulse extraction tools which can not tolerate floating baselines. We recommend to drop
the baseline bsl  output files YYYYmmnn_RRR.bsl.jsonl.gz in the future passes for the sake of simplicity. So far we do not
use it anyhow.
Try to move the 'output window' further to the front
                        whole time series
 |.......................................................................|
 |                                                                       |
 |         |................ extraction window .................|        |
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 |         | <---------- length = 225 ------------------------> |        |
 |         |                                                    |        |
 |         |       |.. output window ..|                        |        |
 0        20       | <- length=100 ->  |                       245      300
                  30                  130
In units of 500ps time slices.
In pass4  the output window of the photon-stream spans from 15ns to 65ns with respect to the whole recorded time series.
This turned out to be sufficient. There are even hints that the window could be shortened in the end. However, the stating
point at 15ns (30 time slices) is very close to the air-shower starting point. It is still acceptable but very close. We only have a
small region in the beginning of our output window before the air-shower photons arrive. This was done to avoid artifact on
the time-series. We can not simply move the start of the output window to improve this. We have two ways to improve here.
First the artifacts in the beginning of the time-series (0ns - 10ns) need to be understood and corrected for. Second, the single
pulse extractor needs to be improved to produce less artifacts at the beginning of its extraction window. Only this way the
output window can move further to the front of the whole recorded time-series. We recommend to investigate methods which
do not harm other aspects to move the output window further to the front.
Make the arrival time reconstruction benchmark a unit test
The implementation of the production grade pass4  single photon extractor has several unit tests. However, it does not have
unit tests which redo the performance studies e.g. presented on the ICRC2017. Those tests were so far only done for the
initial implementation of the single pulse extractor but not for the production grade one. We recommand to implement the
arrival time reconstruction benchmark for typical observation conditions on FACT as a unit test before applying any changes
to the extractor. Otherwise, it will be difficult to improve certain aspects without losing performance in other aspects.
Alternative Single Pulse Templates
In pass4  we use the SiPM single pulse template from the FACT-MARS simulation standard configuration. See extract below:
212 # The number of sampling points is almost irrelevant because they
213 # are equidistant, i.e. calculated and no search is necessary.
214 # Nevertheless, you must make sure that there are enough points
215 # to sample the function accurately enough.
216 # Attention: x in the function is given in slices, so if you change the sampling
217 # frequency you have to change also this function
218 PulseShape.Function.Name:  (1.626*(1-exp(-0.3803*0.5*x))*exp(-0.0649*0.5*x))
219 PulseShape.Function.Npx:   300
220 PulseShape.Function.Xmin:   0
221 PulseShape.Function.Xmax:   300
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However, there exists also a second, different single pulse template in JINST 9 (2014) P10012. See both pulses below.
The template pulse from our standard simulation configuration starts instantly at zero. The template from our performance
paper starts slowly which conflicts with the single pulse extractor implementation of pass4 . The pulse template of our
performance paper was not evaluated yet for the single pulse extractor. We recommend to investigate which of those
templates is suited best for a future single pulse extractor.
Accelerating DBSCAN air-shower photon classification
This is independent of pass4  but a general future wish. The air-shower photon classification using density clustering in the
photon-stream turned out to be highly successful. We currently use the DBSCAN implementation of sklearn. This general
implementation works great on our point-cloud photon-stream representation but has become the bottleneck with 50 events/s
on a single thread. It might be beneficial to implement a non-general DBSCAN which exploits the previously available
knowledge of the FACT image sensor geometry. This might accelerate the creation of the distance matrix between points
internally created by DBSCAN. We already started a first investigation.
Accurate event times
This problem is not limited to the photon-stream. In pass4  the events have time stamps based on the unix time of the
computer which ran the event builder. This unix time is expected to be based on the Network Time Protocol to reach a good
absolute timing. However, in a crosscheck using a GPS clock, we find that the time stamps in our events have a time spread
(standard deviation) of about 30ms. In principal we could improve here using the GPS trigger input of FACT. This was already
done once for a small sample of Observations. We recommend to process more accurate times for all events in future passes
to allow e.g. pulsar studies.
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